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Abstract
Clustering Studies of Radio-Selected Galaxies
S. S. Passmoor
PhD Thesis, Department of Physics, University of the Western Cape
We investigate the clustering of HI-selected galaxies in the ALFALFA survey and compare
results with those obtained for HIPASS. Measurements of the angular correlation function and
the inferred 3D-clustering are compared with results from direct spatial-correlation measure-
ments. We are able to measure clustering on smaller angular scales and for galaxies with lower
HI masses than was previously possible. We calculate the expected clustering of dark mat-
ter using the redshift distributions of HIPASS and ALFALFA and show that the ALFALFA
sample is somewhat more anti-biased with respect to dark matter than the HIPASS sample.
We are able to conform the validity of the dark matter correlation predictions by performing
simulations of the non-linear structure formation. Further we examine how the bias evolves
with redshift for radio galaxies detected in the the FIRST survey.
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Chapter 1
Introduction
Radio astronomy is entering a new era with large instruments being constructed and planned
for the future. The Square Kilometre Array (SKA) is the largest of the radio astronomy
projects that is being undertaken. It is a multinational project that stemmed from a proposal
to build a “Hydrogen Array” with a collecting area of 1km2 to detect neutral hydrogen (HI)
in a redshift range of z = 0 to ∼ 10, to time and detect pulsars and perform continuum
observations using baselines out to 40km so that a 1 arc-second resolution is achievable at
1.420GHz (Wilkinson). This next generation telescope is planned to be ∼ 75 times larger than
the VLA. A number of SKA pathfinder projects are underway, including two new telescopes: the
Australian Square Kilometre Array Pathfinder (ASKAP) and the MeerKAT in South Africa.
Originally the MeerKAT was named the Karoo Array Telescope (KAT), a 3500m2 pathfinder
telescope with 20 to 30 dishes, 12 to 15m in in diameter. In the appendix, I describe some of
the preparatory work I carried out for the KAT, including studies of neutral hydrogen science
and the imaging properties of various configurations. Later the KAT was enlarged to 64 dishes
1
 
 
 
 
and the array name was modified to MeerKAT1.
The key science goals for the MeerKAT and SKA in the field of galaxies and cosmology
have similarities, however the MeerKAT is a fraction of the size of the planned SKA and so its
abilities are significantly reduced. The MeerKAT will host surveys that examine HI emission of
galaxies at low-to-intermediate redshifts as well as the radio continuum emission encountered
from star-formation and AGN activity out to very high redshifts. One of these surveys is
the HI survey Looking At the Distant Universe with the MeerKAT Array (LADUMA) that
has been awarded 5000 hours on the MeerKat to observe a single pointing centred on the
Extended Chandra Deep Field South field. The MeerKAT International Gigahertz Tiered
Extragalactic Exploration survey (MIGHTEE) is the deep continuum survey that would be
run in conjunction with the LADUMA survey. ASKAP has planned HI and continuum survey
such as Deep Investigations of Neutral Gas Origins (DINGO) which focuses on the gas-rich
galaxies in the nearby, z < 0.4, universe with the Wide-field ASKAP L-Band Legacy All-Sky
Blind Survey (WALLABY) covering 75% of the sky and detecting galaxies out to z = 0.24.
The continuum ASKAP survey, Evolutionary Map of the Universe (EMU) will cover 75% of
the sky and to a flux density limit of 10µJy per beam. The SKA will allow HI and continuum
surveys that go much deeper, cover much larger areas of sky and could be carried out at much
higher resolution.
Clustering of sources detected in these surveys will allow a new paradigm in galaxy evolution
and cosmology studies. In this thesis, I explore the clustering of both HI and continuum radio
sources that have been detected in current surveys (Chapters 2 and 4 respectively). In Chapter
3, I also describe initial work on simulating radio survey volumes using N-body simulations,
1Meer is Afrikaans for More.
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an important aspect in the interpretation of survey data. Below, I outline the standard model
of cosmology and galaxy evolution within which we work and provide some background to
clustering studies.
1.1 The Standard model
The Standard model of the Universe consists of an isotropic, homogeneous Universe that is
flat and expanding at an accelerating rate today. It contains not just the types of matter
described by the standard model of particle physics but also Dark Matter and Dark Energy.
Dark matter is a collisionless, pressureless form of matter with baryonic and non-baryonic
components. Dark energy is introduced to account for the detected accelerating expansion of
the universe: it exerts a negative pressure on the largest scales. The evidence for both of these
and the initial conditions for the Universe are discussed below. The proportions of both dark
matter and dark energy are expressed as a fraction of the critical density Ω.
1.1.1 Dark Matter
The term “Dark Matter” originally referred to the unseen, poorly illuminated forms of matter,
such as Planetoids, brown dwarfs etc. but now often refers to non-baryonic weakly interacting
matter, which could produce the gravitational interactions observed. The first detection of this
dark matter was in the velocity dispersion of galaxies in the Coma cluster by Zwicky (1933)
who found a velocity dispersion of σv = 1019± 360 km s−1 using only 8 galaxies. This implied
that there was a substantial mass-to-light ratio, hence a large unseen matter component to the
cluster.
3
 
 
 
 
Dark matter was also detected within a galaxy with the measurement of a high speed of
rotation of the outer regions in the Andromeda galaxy (M31) by Babcock (1939). The outer
regions of the galaxy were measured to be far faster than the Keplerian velocity predicted.
The result was interpreted as the galaxy having a high mass-to-light ratio. Rubin and Ford
(1970) found that the rotation curve was flat while Roberts and Whitehurst (1975) used HI
measurements to measure the rotation curve of M31 out to much further distances, clearly
demonstrating that the rotation was not of Keplerian in nature. They concluded that the
mass-to-light ratio was of the order of ∼ 200 in the outermost regions. This showed that
the mass of the galaxy increased as you went further out from the centre. Improved telescopes
and observations allow several direct measurements of the missing mass in galaxies and clusters.
Investigating dark matter using the kinematics of visible matter in galaxies is a successful
but indirect method to calculate the dark matter density in the Universe. Gravitational lensing
is a direct method to determine the dark matter density, and this is through the gravitational
interaction of light with the gravitational field of the dark matter. Gravitational lensing was
first observed in the 1919 eclipse (Dyson et al., 1920) where it provided verification of general
relativity and its claim that light rays would be deflected as they move through space that had
been warped by a large mass (as had been predicted by Einstein in 1916).
A gravitational lens can be a large cluster of galaxies or a single star as in the case of micro-
lensing. Strong lensing is where light from a distant object passes very nearby a gravitational
lens in the space that is warped by its mass. This allows light to take multiple paths around
the lensing object and still reach the observer resulting in multiple images and large distortions
to the images of the distant object. Since the effect depends on the close alignment of these
4
 
 
 
 
systems it is not a common effect. A more common manifestation of gravitational lensing is
weak lensing, where the light from a distant object passes further away from a lensing object.
The deflection caused by the lensing is slight and there is only a single path for the light to go
on and still reach the observer. The distortions occur in the form of magnification and shear.
Measuring either the shear or magnification,provides an estimate of the lensing mass Me´nard
et al. (2010) . The shear distortion changes the shape of the galaxies by about 2%.
Evidence for dark matter also comes from measurements of Ωm and Ωb using the CMB
fluctuation spectrum. The ratio of the odd and even peaks determines the baryon density and
the locations of high peaks provide information on the dark-matter density.
The dark matter detected by these methods forms a central part of the standard model of
the universe and it is necessary to include a substantial amount of dark matter compared to
the baryonic matter.
Due to the smoothness of the of Cosmic Microwave Background (CMB) which has temperature
fluctuations on the order of 10−5 times the mean temperature (Mather et al., 1990), we know
that the dark matter stopped interacting with other particles early on (Peebles, 1982). The dark
matter begins collapsing early and provides potential wells that the baryonic matter collapsed
into after decoupling from the photons and cooling. The accelerated clustering due to the
potential wells that the dark matter produced enable the building of the large-scale structure
we see today (Davis et al., 1985; Efstathiou et al., 1990; Springel et al., 2006). The nature of
dark matter also affects the shape of the CMB temperature fluctuation spectrum. Warm and
hot forms of dark matter, having relativistic velocities, stream out of a growing overdensity,
cutting off the growth of all but the largest over-densities causing a loss of clustering strength
5
 
 
 
 
at smaller scales. The existence of small scale power provides constraints on the influence of
warm and hot dark matter on structure formation.
Dark matter’s non-baryonic nature is determined from big bang nucleosynthesis (BBN) and
the observed abundance of light elements like deuterium and helium. The abundance of light
elements created during BBN is a function of the baryon density in the universe. The observed
abundance of primordial deuterium and helium constrains the baryon density to be significantly
lower than that required to explain observations of dark matter. Fluctuations in the CMB also
provide evidence that dark matter is non-baryonic.
1.1.2 Dark Energy
The acceleration of the Universe was first detected in 1998 (Riess et al., 1998; Perlmutter et al.,
1999). Riess et al. (1998) used 16 high redshift type Ia supernova (SNIa) while Perlmutter
et al. (1999) used 42 high redshift and 18 low redshift SNIa. SNIa are a type of supernova that
result when a white dwarf star accretes mass from a companion star. As its mass approaches the
Chandrasekhar limit the temperature of the white dwarf increases and if a sufficient temperature
is reached then nuclear burning of the carbon and oxygen will commence. This nuclear burning
will accelerate and the energy released will cause the observed supernova. There is some spread
in the SNIa peak luminosity (Hamuy et al., 1996), however Phillips (1993) found that there
was a correlation between the peak luminosity and the shape of the light curve and this allowed
their use as a standard candle. This allows one to calculate both the luminosity distance from
the redshift and the proper distance from the absolute magnitude.
Both Riess et al. (1998) and Perlmutter et al. (1999) found that the supernova were system-
atically fainter than what was expected given the redshift of the host galaxy. The explanation
6
 
 
 
 
for this was that the galaxies were further away than their redshift indicated. The simplest
explanation for this is that the Universe’s expansion is accelerating.
Additional evidence for dark energy comes from the combination of CMB anisotropy mea-
surements and large-scale structure (LSS) observations as the CMB indicates Ωm+ΩΛ ≈ 1 and
LSS indicates Ωm ≈ 0.3
The late time Integrated Sachs-Wolfe (ISW) effect also provides independent evidence for
the existence of dark energy (Sachs and Wolfe, 1967). The ISW effect is caused by changes
in the gravitational potential wells due to dark energy in the late Universe. In a flat ΩΛ = 0
universe the gravitational potential of galaxies and clusters does not change, however in a
universe with dark energy fuelling a period of cosmic acceleration there is a change in the
gravitational potential as the cosmic acceleration pulls objects apart. Large-scale structures
feel the affect of the acceleration as a reduction in their gravitational potential well depth.
Photons are blue-shifted as they fall into a potential well and red-shifted as they climb out of
the potential well. During the time the photons are in the well the cosmic acceleration reduces
the depth of the well so that the photons have net blue shift. This situation is reversed for
voids and there is a resulting net redshift.
The ISW effect is measured by correlating the CMB (Giannantonio), which has a well
defined temperature, with some tracer of the LSS that is between us and the surface of last
scattering. Nolta et al. (2004) detected dark energy induced correlations in the clustering of
radio galaxies with WMAP CMB anisotropies and Ho et al. (2008) was able to detect the ISW
effect by cross-correlating the WMAP CMB anisotropies with SDSS LSS observations.
7
 
 
 
 
1.1.3 Initial Conditions
When looking back in time toward the beginning of our Universe it appears that the Universe
converges on a central point getting smaller and smaller until the whole universe is just a
point with infinite density and temperature, a singularity. The apparent singularity is due
to the break-down of General Relativity when the Universe exists on the very small scales at
early times. The initial quantum fluctuations which occur on the small scales, expand during
inflation. During the exponential growth of inflation these fluctuations expand over the Hubble
radius and become fluctuations that only later, during radiation and matter domination eras of
the universe, re-enter the observable universe by crossing the Hubble radius . The fluctuations
grow as gravitational collapse causes the over-density’s to increase and the under-dense areas
to empty of matter.
The inflationary period of exponential expansion, expands the small, early universe that’s
in thermal equilibrium, hence smooth and uniform in its energy distribution, to a vastly larger
size. This expands the small quantum fluctuations within the pre-inflation Universe apart so
that they are no longer in causal contact, a distance referred to as the Hubble scale. A common
prediction of inflationary models is that the fluctuations are Gaussian in distribution and the
spectrum of these fluctuations is given by a power law P0(k) ∝ kn where n ≈ 1 (Kolb and
Turner, 1993). As the Universe progresses from radiation dominated to matter dominated, the
fluctuations become modified in a way that depends on the nature of the dark matter. The
approximate affect on the power spectrum of the matter is given by the transfer function, TCDM
[where P (k) = P0(k)TCDM ] , in Bardeen et al. (1986).
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1.2 Galaxy Evolution
1.2.1 General overview
Stars and gas are clearly key components in how a galaxy evolves in the Universe. Their
evolution are related to the small primordial fluctuations in the matter. The fluctuations in the
matter field grow under gravity then collapsing. One of the early models of galaxy formation was
the ’collapse model’ of Eggen, Lynden-Bell and Sandage in 1962. Their model was proposed
to account for the observed stellar orbits and metallicities. The model had a galactic sized
nebular that collapsed to form galaxies such as the Milky-Way. This top-down approach to
galaxy formation does not successfully deal with the dynamics of the stars we see today in
the outer galaxy. There is also a problem with the distribution of globular clusters and their
spread in age, which is too large for them to have formed in a single galactic sized collapse. The
hierarchical merger model was developed later and incorporated the top-down approach of the
models that had come before it, but now had the bottom-up hierarchical process of mergers
between objects. Proto-Galactic gas nebulae would collapse forming small galaxies and globular
clusters and then merge together building up larger galaxies. This would then account for the
spread in ages in the stars and globular clusters. These smaller bodies then merge together
forming much larger objects.
Within the hierarchical merger model, dark matter collapses to form ’halos’ and becomes
virialized but the baryonic matter is more complicated. Originally it was proposed that the
baryonic matter that falls into the dark matter potential is likely to be shock heated to the
virial temperature (White and Rees, 1978). The hot gas could form a radiatively self-supporting
halo of hot gas that, when cooled, would collapse and form stars. This would imply that the
9
 
 
 
 
smallest galaxies would form earlier and the most massive galaxies today would have large
amounts of gas cooling and forming stars, while there would be an excess of small satellites.
Observations show that the largest galaxies have a redder, older star population than the smaller
galaxies. The failure of attempts to model the observed galaxy colours and populations, caused
modellers to take into account the ’feedback’ of energy from the processes within the galaxy
to the gas in the outer reaches. Feedback mechanisms include the transfer of mechanical and
thermal energy from supernovae winds in starforming regions and from jets produced by Active
Galactic Nuclei (AGN). These mechanisms can cut off the supply of cold gas to large galaxies
and could blow cold gas out of small potential wells thus preventing starformation in these
situations. However, these feedback mechanisms are are not completely understood and this is
an active area of research.
Another subject of debate in galaxy evolution theory is how cold gas collects in galaxies,
with some authors claiming that the role of “cold accretion” has been underestimated (Keresˇ
et al., 2005). Gas entering a galaxy through this mechanism is not shock heated to the virial
temperature as is often assumed in semi-analytic models of galaxy formation (see Fontanot
et al. (2011) and references therein).
1.2.2 Neutral Hydrogen
Stars can only form when cold gas collapses under gravitational instability (Kennicutt, 1989).
This is one of the key components in Galaxy evolution, as the star formation rate determines
many of the properties of galaxies, including the optical colour. The cold gas can be mapped
using the 21 cm line emission from neutral hydrogen (HI), produced when atoms undergo
a “spin-flip” transitions (when the spin of the electron and proton go from aligned to anti-
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aligned).
Surveys for neutral hydrogen are described in Chapter 3.
1.2.3 Radio Continuum
Gas accreted onto a super-massive blackhole in the centre of a galaxy results in observational
signatures of AGN. Due to the conservation of angular momentum the gas spiralling towards the
centre requires the ejection of gas, generally in the form of jets. These jets of charged particles
are clearly visible in the radio continuum due to the synchrotron radiation that is radiated
when they interact with magnetic fields in the environment. Massive amounts of energy can
be injected into gas surrounding the galaxy via shock heating. This stops the formation of
stars and the gas has to re-cool before star-formation can resume. This effectively stops star-
formation in largest galaxies as the available gas for star-formation runs out and is a prominent
feedback mechanism.
Synchrotron radiation is also observed from star-forming regions within galaxies as particles
are accelerated in supernovae associated with star formation.
1.2.4 Radio observations and galaxy evolution studies
Radio Continuum and Neutral Hydrogen measurements provide complementary methods to
probe galaxy evolution. Studying HI provides information on the accretion of gas onto galaxies
and the fuel available for star-formation. Continuum observations probe the the radio jets
and supernovae winds that can heat gas and prevent star formation, effectively stopping star
formation in massive galaxies (Kauffmann et al., 1993). The radio continuum surveys currently
planned for new telescopes are going to probe far fainter fluxes and are going to be able to
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make detailed measurements of the continuum fluxes and constrain star-formation. The new
telescopes which combine high sensitivity and good angular resolution will be able to detect
and resolve the radio jets that are at the heart of the feedback question.
Understanding how HI-selected galaxies and radio-continuum-selected galaxies trace the
underlying dark matter structure thus provides information on two of the most important
questions in galaxy evolution: feedback and accretion mechanisms.
1.3 Clustering
1.3.1 Introduction
The analysis of clustering in surveys started with examining the distribution of the counts of
galaxies on plates or within the field of view of telescopes eg. Hubble (1934). Comparing
the variance of this distribution with that of a uniform random distribution. (Bok (1934);
Mowbray (1938) found the variance of the galaxy count to be significantly larger than uniform
random distribution. This was indicative of the clustering of galaxies (Peebles, 1980). The most
commonly used techniques to measure clustering are based on the two-point correlation function
and the power spectrum. Calculating the two-point spatial correlation function is complicated
by the inability to obtain accurate distance measurements to the galaxies. Even when the
redshifts are available the in-fall velocities of galaxies around clusters is up to ∼ 1000 km s−1.
In cases such as § 4, only the photometric redshifts are available for most of the galaxies of
interest. The angular correlation function, ω, measures the clustering of galaxies as a function
of angular separation on the sky and is described further in § 2.3.1. The full three dimensional
spatial information can be inferred but various assumptions need to be made.
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Clustering provides a way to test models of structure formation (Maddox et al., 1990). In
the case of a relativistic dark matter or so-called Hot Dark Matter(HDM) the difference is
immediate and significant. The fast moving HDM moves too quickly for the fluctuations in
the HDM to cause structure formation on anything but the largest scales, causing a loss of
amplitude of the two point correlation function on small scales.
Bias, in the context of clustering studies, is the relative clustering strength of observable
sources relative to the clustering strength of the underlying dark matter. Knowing the bias is
essential for using clustering as a cosmological probe.
The linear bias b is defined as δg = bδDM where δ is the deviation of the density at a point
from the mean density. The spatial correlation functions of galaxies are thus related to the
underlying dark matter by
ξg(r) = b
2ξdm(r) (1.1)
.
Bias can arise naturally if one considers that some density threshold must be reached before
a galaxy can collapse (eg. Kaiser 1984).
In Chapters 2 and 4 we use the bias as a measure of the comparative clustering between
dark matter and neutral-hydrogen-selected galaxies (Chapter 2) and between dark matter and
galaxies detected in a radio continuum survey (Chapter 4). We estimate b from the angular
correlation functions:
b =
√
ωgalaxy
ωdarkmatter
, (1.2)
Cross-correlating objects provides information about relative densities of two different classes
of objects. For one class of galaxy, say p, the mean density of these galaxies with a separation
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distance of r from galaxy of a separate class of galaxies, of say type q, is
n(r) = np [1 + ξqp(r)] , (1.3)
where ξqp is the cross-correlation function of the two classes of galaxies and np is the mean
density of the class p galaxies. (Peebles 1980 Eq. 44.4) . This provides a method to determine
the relationship between different type of objects. It was used to detect the signature of dark
energy due to the ISW effect by cross-correlation WMAP CMB anisotropies with SDSS LSS
observations (Ho et al., 2008).
The auto correlation of objects provides information about the distribution of the objects
in relation to other objects in their class, by determining the excess probability that an object
will be found a distance r from the reference object over that of a purely random distribution.
The mean density of sources a distance r is given by
n(r) = nmean [1 + ξ(r)] , (1.4)
where nmean is the mean number density of the sources and ξ is the auto correlation function
of the sources.
Acoustic oscillations feature in both the CMB, in the acoustic peaks detected in the temper-
ature anisotropy and in the distributions of the baryons. The Baryonic Acoustic Oscillations
(BAO) are detected in the clustering of galaxies, as a small increase in the galaxy density at a
separation . The BAO result from baryons decoupling from the photons in the early universe.
Before the decoupling the photons and matter move together away from the higher density’s
areas while the dark matter remains at the centre of the over-density. On decoupling from the
baryons, the photons streamed unimpeded and continue to move away from the over-density.
The baryons having decoupled from the photons,having lost the effect of the radiative pressure
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from the photons, but move with the dark matter under its gravitational force. The first acous-
tic peak left an over density at that scale about ∼ 100h−1 Mpc. This is observed as a slight
increase in the amplitude of the correlation function at this separation. This was detected when
the clustering of Luminous Red Galaxies (LRG) in the Sloan Digital Sky Survey was examined
for presence of the first acoustic peak(Eisenstein et al., 2005). The first peak is dependent of
the total energy density of the Universe and this provides constraints on the the flatness of the
Universe (Kamionkowski et al., 1994).
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Chapter 2
Clustering of HI galaxies in HIPASS
and ALFALFA
We investigate the clustering of HI-selected galaxies in the ALFALFA survey and compare re-
sults with those obtained for HIPASS. Measurements of the angular correlation function and
the inferred 3D-clustering are compared with results from direct spatial-correlation measure-
ments. We are able to measure clustering on smaller angular scales and for galaxies with lower
HI masses than was previously possible. We calculate the expected clustering of dark matter
using the redshift distributions of HIPASS and ALFALFA and show that the ALFALFA sample
is somewhat more anti-biased with respect to dark matter than the HIPASS sample.
2.1 Introduction
Measurements of the clustering of galaxies allows one to investigate the relationship between
dark and luminous matter. By comparing galaxies selected in different ways one gains un-
derstanding of how different galaxies trace the underlying dark matter and also of processes
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at work in galaxy evolution. This information is important when using galaxies as probes of
cosmological parameters.
A number of new radio telescopes, such as the MeerKAT1 , ASKAP2 and the SKA, are in
the pipeline and they will detect huge numbers of galaxies using HI. A reliable measure of the
bias of HI-selected galaxies and insight into the evolution of the bias is important for forecasting
the capabilities of telescopes which will probe HI at intermediate or high-redshifts.
The clustering of HI-selected galaxies has been studied by Meyer et al. (2007), Basilakos
et al. (2007) and Ryan-Weber (2006). They used data from the HI Parkes All Sky Survey
(HIPASS, Meyer et al. 2004), a blind survey for HI of the southern sky which generated a
catalogue of 4315 sources, the bulk of which have redshifts below z ∼ 0.02. They showed that
HI-selected galaxies are less clustered than galaxies selected in other ways. Meyer et al. (2007)
investigated clustering of various subsamples of HIPASS galaxies, showing that galaxies with
high rotation velocities are more clustered than those with lower rotation velocities. There
were indications that galaxies containing more HI are also more clustered but the differences
were not as pronounced as in Basilakos et al. (2007). The latter work also measures the bias
of HIPASS galaxies relative to the expected dark matter distribution.
In this paper we measure the clustering of HI-selected galaxies detected with the Arecibo
L-band Feed Array (ALFA) and compiled in the partially completed ALFALFA survey (the
Arecibo Legacy Fast ALFA survey, Giovanelli et al. 2005). The results are compared with
those obtained for HIPASS. Clustering measurements in HIPASS are limited to large angular
scales where the beam-size of ∼ 15 arcmins does not cause confusion. The ALFALFA resolution
1www.ska.ac.za
2www.atnf.csiro.au/SKA/
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is more than four times better allowing us to probe clustering on smaller scales. The rms noise
per ALFALFA beam is about six times smaller, providing a catalogue of sources which spans
a wider range of redshifts and includes galaxies with lower HI masses. We are thus able to
measure clustering of HI-selected galaxies in regimes that have not yet been explored and to
investigate trends seen in HIPASS, using an independent survey.
The outline of the paper is as follows: In § 2.2 we give a short introduction to the HIPASS
and ALFALFA surveys. The computation of the angular and spatial two-point correlation
functions is described in § 2.3. The results are presented, discussed and compared with earlier
work in § 2.4. Finally, § 2.5 concludes with a short summary.
2.2 Data
HIPASS covers all the southern sky with δ < +2◦ and and can detect HI with velocities in the
range 300 km s−1 − 12700 km s−1. The rms noise per beam is ∼ 13 mJy (Meyer et al., 2004).
To exclude structure associated with the Milky-Way, like high-velocity clouds and low mass
satellites, we only use sources with recessional velocities larger than 600 km s−1. The average
mass of HI in HIPASS galaxies is 3.24× 109M⊙.
When completed, the ALFALFA Survey (Giovanelli et al., 2005) will cover 7000 deg2 of sky
with high galactic latitude and to a depth of cz ∼ 18000 km s−1. The rms noise of the survey
is ∼ 2.2 mJy and the beam-size is ∼ 3.6 arcminutes. Currently the ALFALFA survey contains
three strips covering a total area of ∼ 400 deg2. These are the two strips centred on the Virgo
region and the anti-Virgo strip. They contain 1796 sources with cz > 600 km s−1. The first
completed Virgo strip is defined by 11h44m < α < 14h00m and 12◦ < δ < 16◦ and contains
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Figure 2.1: Plot of the normalised redshift distribution of the HIPASS and ALFALFA surveys
as well as the distribution of the ALFALFA sources in the three, spatially separated strips.
708 sources. The second Virgo strip contains 556 galaxies within 11h36m < α < 13h52m
and 8◦ < δ < 12◦ (Kent et al., 2008). The anti-Virgo strip contains 488 sources within
22h00m < α < 03h04m and 26◦ < δ < 28◦ (Saintonge et al., 2008). A circular region, with
radius of 1◦ centred on M 87, has been removed from the survey area due to the interference
of M 87 (Giovanelli et al., 2007). The average ALFALFA HI mass is 2.48× 109M⊙. The source
density of the ALFALFA catalogue is approximately 20 times higher than that of the HIPASS
survey.
Figure 2.1 displays the normalised redshift distributions of the HIPASS and ALFALFA
surveys as well as the redshift distributions in the three separate ALFALFA regions. A redshift
of z = 0.02 corresponds to∼ 70 h−1Mpc which is roughly the distance to the Coma supercluster.
The high galaxy density near the Coma cluster and Virgo cluster are evident in the redshift
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distributions shown for the Virgo regions. In the anti-Virgo region the effect of the Perseus-
Pisces supercluster can also be seen as a slight enhancement of galaxies at a redshift of about
z ≈ 0.025. Below, we will discuss the impact of these inhomogeneities on the determination of
the two-point correlation function.
2.3 Two-Point correlation functions
Here we review some basic properties of the angular and projected two-point correlation func-
tions (ω and Ξ respectively) and indicate their relations to the three dimensional (3-D) real-
space two-point correlation function, ξ. Subsequently, we introduce the estimator used here
and discuss the construction of the random samples. We do not employ the weighted corre-
lation functions used in Meyer et al. (2007) as we are interested in comparing the results of
the two surveys and in comparing our results with those predicted for dark matter within a
ΛCDM model. The unweighted measurements suffice for this work and we are able to check
our unweighted results against those of Meyer et al. (2007).
2.3.1 The Angular Two-Point Correlation Function
The angular correlation function, ω, is a simple measure of the clustering of galaxies as a
function of angular separation on the sky, θ, which does not require redshift information. It is
calculated by counting galaxy pairs within a given angular separation bin and comparing this
number to a corresponding figure derived from a random catalogue with the same area and
shape. The angular correlation, ω(θ), gives the excess probability, over random, of finding two
galaxies separated by angle θ.
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If we assume a redshift-dependent power law describes the 3-D real-space correlation func-
tion, ξ(r, z) = (r/r0)
−γ(1+ z)γ−(3+ǫ) (as in Peebles 1980 and Loan et al. 1997) then the angular
correlation function is related to the spatial correlation function by the Limber equation (Rubin,
1954; Limber, 1954):
(
θ
θ0
)1−γ
=
∫∞
0
N2(z)(1+z)γ−(3+ǫ)
√
π(d(z)θ)1−γ
d′(z)r−γ0
Γ(− 1
2
+ 1
2
γ)
Γ( 1
2
γ)(∫∞
0
N(z)dz
)2 , (2.1)
where d(z) is the comoving distance and N(z) is the redshift number density distribution of the
sources (cf. Figure 2.1). We use ǫ = 0.8, consistent with the expected clustering behaviour in
linear theory, although the surveys are so shallow that the evolution of ξ could be ignored. The
measured values for the logarithmic slope aθ = 1− γ and the correlation length θ0 (ω(θ0) = 1)
can then be used to determine the 3-D parameters r0 and γ.
The errors for ω are calculated using jack-knife re-sampling (Lupton, 1993). For this purpose
the data are split up into N RA-bins and the correlation function is recalculated repeatedly
each time leaving out a different bin. Thus a set of N values {ωi, i = 1, ..., N} for the correlation
function are obtained and the jack-knife error of the mean, σωmean , is given by
σωmean =
√√√√(N − 1) N∑
i=1
(ωi − ω)2/N . (2.2)
The HIPASS sample has been divided into 24 RA bins while for the ALFALFA catalogue
we use 12 bins such that each bin contains approximately the same area of the sky.
2.3.2 The Projected Two-Point Correlation Function
The projected correlation function, Ξ(σ), is determined by the number of pairs at given radial
and projected separations, π and σ, and a subsequent integration along the radial direction.
For that purpose the absolute radial distance between a pair of galaxies, π = |(vi−vj)/H0|, and
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their angular separation, θ, are converted into a projected distance, σ = [(vi+vj)/H0] tan(θ/2).
Thus,
Ξ(σ)
σ
=
2
σ
∫ Dlimit
0
ξ(σ, π)dπ (2.3)
where Dlimit is the limit where the integral converges. Here we set Dlimit = 25 h
−1Mpc ≈
2500km s−1. The projected correlation function is related to the real-space correlation function
by (e.g., Davis and Peebles, 1983):
Ξ(σ)
σ
=
2
σ
∫ ∞
σ
ξ(r)
rdr
(r2 − σ2)1/2 . (2.4)
Assuming that the projected and real-space correlation functions follow power laws within the
region of interest (r < 10 h−1Mpc), the parameter for the real-space correlation function can
be derived from the projected one by the following expression:
Ξ(σ)
σ
=
(r0
σ
)γ Γ (1/2) Γ ((γ − 1)/2)
Γ (γ/2)
(2.5)
More specifically, we calculate r0 and γ by fitting a power law, Ξ(σ)/σ = (σ/σ0)
−aσ , using
the Levenberg-Marquardt nonlinear least-squares method. The parameters of the real-space
correlation function are then given by
r0 = σ0
[
Γ (1/2) Γ ((aσ − 1)/2)
Γ (aσ/2)
]− 1
aσ
(2.6)
γ = aσ. (2.7)
Therefore, similar to the angular correlation function the projected correlation function can be
used to determine the real-space clustering. We apply both methods to determine the real-space
clustering strength based on the HIPASS and the ALFALFA surveys and compare the results.
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2.3.3 Estimator and random sampling
Three different estimators are commonly used to determine the two-point correlation function
(Davis and Huchra, 1982a; Hamilton, 1993a; Landy and Szalay, 1993). In this work we use the
Landy and Szalay (1993) estimator as it reduces errors caused by edges and holes within a given
catalogue. In particular this is important for the ALFALFA survey with the hole caused by
M 87 (Giovanelli et al., 2007) and the large edge effects due to the three strips. The estimator
is of the form:
ξ(r) =
DD(r)− 2DR(r) +RR(r)
RR(r)
, (2.8)
where r is the separation distance which has different meanings for the different correlation
functions. For the angular correlation it denotes the separation angle, θ, for the projected
correlation function it is the projected distance, σ, and for the real-space correlation it indicates
the real-space distance r. DD(r) is the number of data-data pairs, DR(r) is the number of
data-random pairs, and RR(r) is the number of random-random pairs all with separations r.
The random catalogues were generated with uniform distributions on the sky and redshift
distributions which resemble the distribution of recessional velocities in the survey smoothed
using kernel density estimation (Wand and Jones, 1995). Throughout this work we use random
samples that are equal in size compared to the corresponding data set. We repeat the random
catalogue generation 20 times and the calculation of random pairs in order to reduce the variance
from the random sampling.
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2.3.4 The angular correlation function of dark matter
Based on Limber’s equation, the redshift distributions of HIPASS and ALFALFA and the
expression for the non-linear power spectrum discussed in Peacock and Dodds (1996) we predict
the angular correlation function of dark matter using the cosmological parameters given in
Komatsu et al. (2009a). The bias parameter, b, at various angles is then determined by
b =
√
ωHI
ωdarkmatter
. (2.9)
2.4 Results
2.4.1 The full HIPASS and ALFALFA samples
2.4.1.1 Angular correlation functions
Figure 2.2 shows the angular correlation functions for HIPASS and ALFALFA data as well as
the predicted correlation functions of cold dark matter weighted with the redshift distributions
of the surveys. The straight lines are power law fits for pair separations in the range between
0.1 and 8◦ for ALFALFA and between 1 and 10◦ for HIPASS. The effect of source confusion
in HIPASS is evident at smaller angular scales. The corresponding parameters, θ0 and aθ, are
given in Table 2.1.
The measured slopes in the two surveys agree reasonably well. As expected, the value of
θ0 is lower for ALFALFA since it is deeper than HIPASS and the clustering in 3-D is washed
out in the 2-D projection. ALFALFA also detects galaxies with lower HI masses which are
potentially less clustered.
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Figure 2.2: Angular correlation functions for HIPASS and ALFALFA. Error bars were calcu-
lated using jack-knife sampling. The solid red line and the small-dashed blue line show the
corresponding power law fits for angles between 0.1 and 8◦ for ALFALFA and between 1 and
10◦ for the HIPASS data. The projected clustering of dark matter (in a ΛCDM model) with
redshift distributions of HIPASS and ALFALFA are shown by the green dashed line and the
magenta dotted line respectively
HIPASS ALFALFA
θ0 0.603± 0.04◦ 0.044± 0.013◦
aθ 0.56± 0.02 0.59± 0.06
Table 2.1: The angular clustering fitted parameters, θ0 and aθ.
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HIPASS ALFALFA
σ0 6.29± 0.36 h−1Mpc 5.34± 1.08 h−1Mpc
aσ 1.62± 0.04 1.68± 0.13
Table 2.2: The projected clustering fitted parameters, σ0 and aσ.
2.4.1.2 Projected correlation functions
Figure 2.3 shows the projected correlation functions for the HIPASS and ALFALFA surveys.
The lines represent power law fits and the corresponding parameters are presented in Table 2.2.
Once again the slopes, aσ, agree well while the amplitude of clustering, σ0, in ALFALFA is
lower (although the uncertainties are fairly large).
2.4.1.3 Inferred spatial correlations
Table 2.3 shows the spatial correlation function parameters inferred from the angular and
projected correlation functions obtained using Eq. 2.1 and Eq. 2.6. The subscripts, θ and σ,
indicate which correlation function has been used to derive these parameters. The two values
obtained for r0 in HIPASS are within 2σ of each other and agree well with the unweighted
value of 2.7 obtained by Meyer et al. (2004). The two ALFALFA values are consistent with
each-other and indicate somewhat lower clustering than HIPASS.
2.4.1.4 Bias estimation
The predicted angular correlation function of dark matter is compared with our results in
Figure 2.2. We have calculated the bias for the two surveys at each data point in the plot. For
HIPASS, in the 1 − 10◦ range, we find bias values ranging from 0.54 to 0.70, with an average
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Figure 2.3: Projected correlation functions for HIPASS and ALFALFA. Error bars are calcu-
lated using jack-knife sampling. Lines show the corresponding power law fits for separations
between 0.1 and 3.5 h−1Mpc for ALFALFA and 0.2 and 8 h−1Mpc for the HIPASS data.
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of 0.63. This is fairly consistent with the value of 0.68 obtained by Basilakos et al. (2007). For
ALFALFA, on the same angular scales, the values range between 0.41 and 0.62, with an average
of 0.52. Our results thus indicate that the ALFALFA sample is somewhat more anti-biased
than the HIPASS sample. This is consistent with the idea that ALFALFA includes galaxies
with lower HI mass which are less clustered than the higher mass galaxies detected in HIPASS.
We note, however, that the lower values are found at large scales where the narrowness of the
strips may effect measurements more severely.
2.4.2 Correlation functions of different ALFALFA subsamples
2.4.2.1 Flux and HI mass subsets
The ALFALFA data has been subdivided into two equivalent parts based on the flux of the
sources. For these subsamples the angular and projected correlation functions were recalcu-
lated as described in section 2.3. In agreement with Meyer et al. (2007) we find that the two
correlation functions compare well with each other and with the correlation function of the
whole data set indicating a negligible dependence of clustering on HI flux.
We also split the samples evenly into high and low HI-mass subsamples. The clustering
parameters obtained are shown in Table 2.3. Our results for HIPASS are consistent with those
of Meyer et al. (2007), indicating that the galaxies with higher HI-masses are more clustered.
Interestingly, the same trend is not apparent in the ALFALFA survey but the uncertainties are
fairly large..
We did not attempt to separate the galaxies according to their rotation velocities as this
requires additional data to estimate inclinations.
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Figure 2.4: Comparison of the projected correlation functions of the three strips of the current
ALFALFA survey as well as the correlation function measured when ALFALFA data between
0.02 < z < 0.03 is excluded (that is, when cluster galaxies in the Coma and Perseus-Pisces re-
gions are excluded) The data points for the three strips are slightly offset to improve readability.
Error bars are calculated using jack-knife sampling.
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HIPASS ALFALFA
r0,θ 2.89± 0.08 h−1Mpc 2.00± 0.40 h−1Mpc
γθ 1.56± 0.02 1.59± 0.06
r0,σ 2.51± 0.20 h−1Mpc 2.30± 0.53 h−1Mpc
γσ 1.62± 0.04 1.68± 0.13
MHI < 10
9.25h−2M⊙
r0,σ 2.26± 0.36 h−1Mpc 2.48± 0.69 h−1Mpc
γσ 1.60± 0.08 1.59± 0.13
MHI > 10
9.25h−2M⊙
r0,σ 3.32± 0.55 h−1Mpc 2.04± 0.65 h−1Mpc
γσ 1.50± 0.08 1.74± 0.24
Table 2.3: The real-space clustering parameters, r0 and γ derived from the angular correlation
function (indicated by subscript θ) and from the projected correlation function (indicated by
subscript σ.
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2.4.2.2 Small Field effects
The Virgo regions contain over-densities of galaxies that are associated with the Virgo and
Coma clusters. There is the concern that the results will be biased by the presence of such
dominant large-scale structure within the relatively small survey fields. To investigate this, the
correlation functions of the three regions were calculated separately and are shown in Figure 2.4.
Measurements in the three regions agree to within their uncertainties, indicating that the
presence of the big clusters within the Virgo regions do not effect the results significantly. We
note however, that the Anti-Virgo region is near the Perseus-Pisces supercluster which causes a
slight over-density in that field at a similar redshift (z ≈ 0.025). To be sure that over-densities
in all three fields at this redshift were not biasing our results, we cut the galaxies with redshifts
between ∼ 0.02 and 0.03 out of the samples and recalculated the correlation functions. The
results are also shown in Figure 2.4 and it is clear that the correlation functions with and
without the redshift cuts are completely consistent within the uncertainties.
As an additional check on the effect of the small fields on the measured clustering strength,
we calculated the integral constraint (Peebles, 1980; Ratcliffe et al., 1998) for a single field, and
obtained a value of 0.145 which indicates an effect within the uncertainty of the correlation
function derived from the ALFALFA data.
2.5 Summary and conclusions
We have measured the clustering of HI-selected galaxies using the ALFALFA survey data and
compared this with results for HIPASS. Our two methods for determining the real-space cor-
relation function agree well and our results for HIPASS agree with those found by Meyer et al.
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(2004). The real-space clustering in ALFALFA appears to be even lower than in HIPASS,
consistent with the idea that ALFALFA probes galaxies with lower HI-masses that are less
clustered than their high-mass counterparts. Our measurements of high- and low-mass sub-
samples in ALFALFA do not provide evidence to support this idea but the uncertainties on the
measurements are large.
We have calculated the clustering of dark matter expected within a ΛCDM model with
redshift distributions of HIPASS and ALFALFA. We then calculated the bias of ALFALFA
sources over the range 1− 10◦, finding a value of 0.62 at 1◦ and an average value of 0.52 over
the whole range. The significant anti-bias of galaxies with low HI-mass is important to consider
when estimating the signal-to-noise of experiments planned for the SKA and its pathfinders.
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Chapter 3
Simulations and the Interpretation of
Radio Data
3.1 Introduction
In the previous chapter we investigated the clustering of HI-selected galaxies and compared
the measurements with what is expected in a ΛCDM model. To predict the clustering of the
dark matter that is sampled by the HI-selected galaxies, we used an analytical calculation and
a fitting formula (Peacock and Dodds, 1996) for the non-linear evolution of structure. In this
chapter, we take a different approach to estimating the clustering of dark matter using N-body
simulations.
Although the work discussed here focuses on dark-matter-only simulations, it laid a foun-
dation for the full-blown hydrosimulations we have also run to model HI distributions in the
universe. The hydrosimulations include dark matter, gas and star particles. Following Crain
et al. (2009), we use GADGET-3 to re-simulate a high-resolution, average-density, spherical re-
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gion 36h−1Mpc across taken from the Millenium simulation. Results from this will be presented
in Cunnama et al., (in preparation), where we use the simulations to prepare for HI-surveys
planned for MeerKAT. To produce “fake skies” for HI-surveys we may need to stack and tile
simulation boxes to obtain large enough volumes and these methods are explored in this chapter.
To calculate the clustering of dark matter sampled by HIPASS or ALFALFA, we use two
approaches. In the first approach, we simulate a small box (100h−1Mpc-cubed), following
its evolution to z = 0, and then create an “observed cone” of dark matter by stacking and
tiling shifted and rotated versions of the box. In the second approach we simulate a larger
box (400h−1Mpc-cubed) that is big enough to contain almost the entire observed cone for he
HI-surveys we consider, but use somewhat lower resolution to allow the simulation to run in
a reasonable time. In each of the two cones, we then calculate the spatial clustering of dark
matter as well as the angular projection where the dark matter is sampled with the redshift
distribution of HIPASS and ALFALFA. The simulations are described in § 3.2, the generation of
catalogues of objects identified in each observed cone is described in § 3.3 and the calculation of
correlation functions is described in § 3.4. In § 3.5, we estimate the errors on the CFs generated.
To estimate the errors, selection functions for the surveys need to be calculated from HI mass
functions and we digress somewhat in § 3.5.1 to discuss HI mass functions in HIPASS and
ALFALFA.
34
 
 
 
 
3.2 Dark Matter Simulation Implementation
3.2.1 Initial Conditions
To determine the initial positions and velocities of the particles we used the COSMICS package
(van de Weygaert and Bertschinger, 1996) which assumes the standard cosmological model
described in § 1.1. The CDM power spectrum used is P (k) = P0(k)TCDM where
P0(k) ∝ kn, (3.1)
and the transfer function is that of Bardeen:
TCDM =
ln(1 + 2.34q)
2.34q
[
1 + 3.89q + (16, 1q)2 + (5.46q)3 + (6.71q)4
]− 1
4 , (3.2)
and
q ≡ kθ
1
2
Ωmh2Mpc−1
, (3.3)
where θ is a ratio of the relativistic particles (neutrons plus protons) to photons. For the stan-
dard model with three types of neutrinos we expect θ = 1.The power spectrum was normalised
to current observations of the CMB given in Komatsu et al. (2011). See Table 3.2 for the
cosmological parameters we use.
3.2.2 Code and Hardware
The Cosmological N-body simulation program, GADGET-2 (Springel, 2005), was originally
written to study the dynamics of colliding galaxies (Springel et al., 2001), but is also used to
simulate the structure formation within the universe. This is performed by evolving from early
time, a density distribution that collapses under the influence of Newtonian gravity within a
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Parameter 100h−1Mpc 400h−1Mpc
Nparticles 256
3 5123
Box length 100h−1Mpc 400h−1Mpc
Mparticle 4.5× 109 3.6× 1010
Initial Redshift ≈ 34 ≈ 26
Table 3.1: The parameters of two sets of initial conditions that were used to simulate dark
matter evolution. The larger simulation was sufficiently large that the HI-survey volumes were
contained within a single snapshot. We increased the number of particles by a factor of 8 in
the large box but the resolution was still lower than that of the small box
Parameter Parameter Value
Ωm 0.272
ΩΛ 0.728
H0 70.4
ns 0.967
σ8 0.81
Table 3.2: The best fit cosmological parameters from Komatsu et al. (2011) were used to
normalise the matter power spectrum and generate the initial conditions.
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background of expanding space, to simulate the effect of the expanding Universe.
The GADGET-2 program is a hybrid N-body parallel computer code. It utilises both a
hierarchical tree algorithm and a particle-mesh scheme to calculate the forces on each discrete
mass unit within the simulation. The short range forces are calculated using a “Lagrangian”
approach which discreteizes the mass into “particles”. The forces on each particle are calcu-
lated using a hierarchical multipole expansion of the distribution of the particles (Hernquist
and Katz, 1989). There is no intrinsic limit to spatial resolution using this method, however
this is not the case with Particle-mesh scheme which uses a “Eulerian” approach of discretizing
space (White et al., 1983). The use of a Particle-mesh is the fastest method of calculating
gravitational forces but the there is a loss of accuracy at distances less than two times the cell
size. The GADGET-2 program uses both schemes, the hierarchical multipole expansion for
short distances and the Particle-mesh for long distances.
Both the small and the large boxes were simulated on the Sun M9000 system at the Centre
for High Performance Computing in Rosebank in Cape Town. This system consists of 256 2GHz
CPUs and a shared memory of 2 Terabytes. The two simulations were run with very similar
configurations (see Table 3.1) with identical Universe parameters and periodic conditions and
the use of Particle-Mesh to compute long range gravitational forces. The two simulations ran
consecutively and were completed in just under three days.
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Figure 3.1: Looking through the final snapshot cube of the two simulations that were run
on the CHPC’s M9000 system. The Left snapshot is the 100 h−1Mpc simulation and the
right is the 400 h−1Mpc simulation. The cosmological parameters are identical between the
two simulations but the random density fields that were generated in producing the initial
conditions are independent of one-another.
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3.3 Catalogue Generation
The generation of an observed “cone” from the large simulation box is fairly straight forward:
the observer is placed at the centre of one side of the box and a hemisphere around that point
is sampled. For the small box, we follow the work of Blaizot et al. (2005) to generate an
observation “cone” and then calculate the biases resulting from the process of tiling together
the simulation cube to form a larger volume .
3.3.1 Inputs
The simulation snapshots that are output at selected points during the progression of the
simulation contain the positions, velocities, mass and ID number for all the particles within
the simulation box. The redshift, total numbers of particles and the different types (such as
different mass particles , gas and/or star particles) are also included within the header of the
snapshot.
3.3.2 Stacking Simulation Boxes
Using a small volume of simulated universe to produce a map of a larger volume cone can
produce artifacts due to the tiling scheme, as illustrated in Figure 3.2. In Blaizot et al. (2005),
they developed and used a random tiling scheme that reduced the effects of the tiling. This
random tiling algorithm proceeds as follows. The appropriate snapshots are selected for the
depth needed in the resulting mock catalogue. This would ultimately require that each snapshot
would be centered on the redshift that it was recorded at and the simulation outputs be chosen
to ensure that an unbroken chain of simulation boxes can be laid out to the ultimate depth of
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Figure 3.2: Mock catalogues from the smaller simulation, comparing a non-random tiling al-
gorithm with a random tiling. The angular projection of 40 deg2 from the mock catalogues is
generated from a l = 50 h−1Mpc simulated box, labelling the orthogonal directions arbitrarily.
The mock sky has been produced from the same simulation in each case but in the left hand
figure the snapshots have been arranged without any attempt at randomised tiling while the
right hand figure used the tiling procedure described by Blaizot et al. (2005). The replication
of the snapshots on the left cause the perspective effects visible as the apparent convergence of
the sky on the centre point. The mock sky that uses the random tiling scheme is free of such
replication effects.
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the mock catalogue. For each snapshot, the following would be performed on both the positions
and the velocity vectors of each particle1:
1. Shift the particles within the simulation box with a random displacement in [0;Lbox] in
each of the directions x,y,z.
2. Rotate each of the axes by a random multiple of π
2
e.g [0, π
2
, π, 3π
2
]
3. Finally randomly invert one of the axes e.g x→ −x
The steps are necessary to decorrelate the resulting catalogue. The correlation is due to the
slow evolution of the simulation between the snapshots. While two consecutive snapshots do
differ, due to the evolution of the simulation, there is sufficient congruence between them, on
larger scales, for effects such as those in Figure 3.2 to be seen. In the radial direction there
would also be periodic features in the density profile due to the large-scale structure that is
repeating in the snapshot.
By tiling the randomised snapshots so that in the radial direction from one side to the other
the snapshots process back in time and in the transverse direction the tiling is done so that
each snapshot would be the correct age depending on the radial distance from the view point
and would be independently randomised using the algorithm described above.
Choosing a suitable origin for the simulation box so that the origin is the same as the
view point from which we project the snapshots to make the larger volume, we simplify the
projection procedure to just containing the conversion to spherical polar coordinates where the
Right Ascension (RA) is φ and the declination (Dec) is (90 − θ). The proper distance to the
object is given by the usual equation r2 = x · x.
1The first step does change the velocity vectors but subsequent steps do change the orientation
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When a galaxy is observed and its distance is obtained using the redshifted spectra the
distance that is obtained is not the r but rather the recessional velocity due to the Hubble ex-
pansion plus the radial velocity of the galaxy it’s self. The recessional velocity can be calculated
using the vectors and Hubble’s law, which is valid for the low redshift universe,
vrecessional = H0r+
(v · r
r · r
)
rˆ, (3.4)
where r is the position vector and v is the velocity vector and H0 is the Hubble constant. An
example of the type of catalogue that results from this procedure is Figure 3.3, where the figure
on the left is a simulated cone that uses the real distance to dark matter particles while the right
hand cone contains the same particles as the left light cone in Figure 3.3 but infers the distance
to the particles by the recessional velocity, including the radial velocity of the particle. This
provides an illustration of some of the effects that are seen in real catalogues of galaxies such
as the “Finger of God” effect, which is quite apparent in the recessional light cone right. This
is caused by galaxies falling into a large potential well and then oscillating side to side within
the well. This causes a wide spread in velocities around clusters of galaxies, of ≈ 1000 km s−1,
and shows up as an elongation in the radial direction of high density regions.
3.3.3 Generating the Redshift Distribution
The bias as defined in the previous chapter relates the density fluctuations of galaxies to that of
the dark matter distributions. To calculate the bias from a two point correlation function (CF)
of galaxies, a CF of the dark matter for a similar radial distribution has to be calculated. This
does not need to have the exact angular shape on the sky, but it must span an angular area
that you intend to measure over. The redshift distribution of the catalogue has to be the same
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Figure 3.3: Projected cones showing the distribution of dark matter particles in a catalogue.
The left cone shows the real distance to the particles and then converted to a corresponding
recessional velocity while the right cone shows the same angular positions but the radial po-
sitions are inferred from the recessional velocities due to Hubble’s Law and the line of sight
component of the velocity the particle has within the simulation. Redshift space distortions
are clearly visible in the cone on the right.
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to make a correct calculation of the bias. We use the method of (Blaizot et al., 2005) to create
a catalogue of simulated dark matter particles with the same volume as the observations. We
used kernel density estimation (Wand and Jones, 1995) to produce smoothed estimates of the
redshift distribution in the observed catalogues and in the simulated dark matter catalogues.
To generate a dark matter catalogue we use the following probability that a dark matter
particle should be selected:
p(r) =
ρdata(r)× C
ρmock(r)
, (3.5)
where ρmock(r) is the normalised probability density at a distance r for the mock catalogue and
ρdata(r) is the normalised probability density for the distribution we wish to emulate. This gives
the probability that a particle in the simulated cube at a distance r from the projection point
should be included in the catalogue. A constant multiple of the value of the target catalogue
redshift distribution ensures that the amplitude of the distribution is always smaller than the
normalised density estimate of the distribution of the dark matter catalogue. Setting the value
of this multiplier to C = 1 would produce a catalogue of the same size of the catalogue that is
being replicated.
The constant C is maximised so that the largest dark matter catalogue can be selected
while ensuring that the amplitude of the distribution is always smaller than the normalised
density estimate of the distribution. As a practical matter the catalogues were restricted to a
maximum of 30000 points, as catalogues larger than that take progressively longer to calculate
the two point correlation function statistics. We checked that adding additional particles had
a negligible effect on the results.
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Figure 3.4: The probability of choosing a particle in the simulated system at a distance r from
the projection point is determined by the ratio of the number of galaxies at that distance in the
survey (black) over the number of particles in the simulated cube which are at that distance
(red).
Parameter HIPASS Distribution ALFALFA Distribution
Depth 12800 km s−1 18000 km s−1
Angular Area 20626.5 deg2 20626.5 deg2
Number of Cubes Tiled 32 32
Nsources in l = 100 h
−1Mpc simulation 30000 30000
Nsources in l = 400 h
−1Mpc simulation 22507 30000
Table 3.3: The parameters of the generated dark matter catalogues for both the simulations.
The two different box sizes, l = 100 h−1Mpc and l = 400 h−1Mpc, that were simulated, allows
for the comparison of effects of the tiling procedure on the derived clustering statistics.
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3.4 Correlation function calculation
3.4.1 The 3D Real-Space Correlation Function
The real space correlation function is in practise difficult to calculate for real data sets as
the positions are in redshift space with all the distortions that implies. The angular and
projected correlation functions can be de-projected using the Limber equation 2.1 (Rubin, 1954;
Limber, 1954) or equation 2.4 (e.g., Davis and Peebles, 1983) respectively. With simulations,
the real space correlation function is far simpler to calculate as the real space positions are
readily accessible. There are significant effects on the correlation function due to the simulation
geometry, which are discussed in detail in the subsequent sections. Within Figure 3.5 the drop-
off of the amplitude of the correlation function from 1
10
th of the simulated box length is quite
apparent and this causes some difficulty with the simulated angular correlation function
3.4.2 The Angular Correlation Function
In total, four catalogues of dark matter particles were created: two with the small box (for
HIPASS and ALFALFA) and two with large box. The catalogue’s parameters are listed in
Table 3.3. The angular correlation functions for each of the mimicked data sets were calculated
and are plotted in Figure 3.6 and Figure 3.7. The correlation functions from the smaller
l = 100 h−1Mpc tiled box are higher than the untiled larger l = 400 h−1Mpc simulation. Both
the correlations then go negative at larger values however in the smaller box it falls far faster
which is consistent with what is seen in the real-space correlation function shown in Figure 3.5.
The significant bias on the correlation function results from the finite volume that has been
used. It is quite apparent from Figure 3.5 that on scales larger than one tenth of the simulation
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Figure 3.5: The real-space correlation function for the final z = 0 snapshot of the two different
size simulation boxes,100 h−1Mpc (red) and 400 h−1Mpc (green). The two correlation functions
only differ from one another when looking at values larger than a one tenth of the simulated
box length. The loss of amplitude at large distances is one of the key effects on the simulated
correlation functions.
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box size the correlation function is unreliable due to the integral constraint of the correlation
function. The angular correlation function is not reliable above the angle spanned by one tenth
of the simulation box size. The Peacock and Dodds (1996) method of calculating the angular
correlation function of dark matter used in § 2.3.4 is accurate within this limit. It is clear that
to accurately determine the ACF at large angles, larger simulations would be required: this
could be achieved by tiling the larger box and/or by investing in more computational power.
3.5 Uncertainty Estimates
3.5.1 The Survey Selection Function
The selection function of a survey offers an alternative way of describing the redshift distribution
and is defined in terms of the mass function of objects in the survey. We use it to calculate the
number of lost pairs due to the loss of periodic boundary’s conditions addressed in § 3.5.2.1.
3.5.1.1 HI Mass Functions
The HI mass function was first explored by Briggs (1990) to examine the completeness of faint
optical galaxies compared with the detections being obtained in current 21cm surveys. The
HI mass function was calculated using existing optical luminosity functions and an assumption
about the neutral hydrogen content of the galaxies detected. The luminosity-HI relation that
was used by Briggs (1990) was MHI
M∗
HI
≈
(
L
L∗
)0.9
which described the abundance of HI in irregular
and spiral galaxies. Assuming that the luminosity function would be well described by the
Schechter function (Schechter, 1976), an estimate of the HI mass function could be calculated.
Considerable work has been done to improve the calculation of the HI mass function with the
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Figure 3.6: The angular correlation function for the two dark matter catalogues that mimic
the HIPASS redshift distribution and the predicted dark matter correlation function (blue)
that were calculated in § 2.3.4 for the redshift distribution of the HIPASS and ALFALFA
distributions. The untiled larger simulation (green) is free of any of the systematics due to the
tiling procedure and the reduced simulation volume, that are present in the tiled simulation
(red). Beyond 1◦, the simulated ACF becomes unreliable as the box is too small (see Figure
3.5), as that is the approximate angular size of the one tenth of the box at the survey depth.
49
 
 
 
 
 0.001
 0.01
 0.1
 1
 10
 0.1  1  10
ω
(θ)
θ 
(Boxlength=100h-1Mpc)(Boxlength=400h-1Mpc)Dark Matter Prediction
Figure 3.7: The angular correlation function for the two dark matter catalogues that mimic the
ALFALFA redshift distribution and the predicted dark matter correlation function (blue) that
was calculated in § 2.3.4. The untiled larger simulation (green) is free of any of the systematics
due to the tiling procedure and the reduced simulation volume that are present in the tiled
simulation (red). Like the correlations from the mimicked HIPASS survey, the ACF becomes
unreliable on larger scales due to the size of the simulation box.
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use of blind HI surveys. The use of non optically targeted surveys of neutral hydrogen provided
a way to avoid the bias introduced by the low optical surface brightness galaxies which often
were gas rich. The larger blind surveys were both done on Arecibo. The Arecibo HI Strip
Survey (AHISS, Zwaan et al. (1997)) detected 66 gas rich galaxies in 65 deg2 out to a distance
of cz = 7400 km s−1. The second Arecibo survey was the Arecibo Duel Beam Survey (ADBS)
by Rosenberg and Schneider (2002) who detected 265 galaxies over an area of ∼ 430 deg2 out to
a distance of cz = 7977 km s−1. The HI mass function’s accuracy was improved but continued
to be well fit by the Schechter function;
Θ(MHI)dMHI = θ
∗
(
MHI
M∗HI
)α
exp
(
−MHI
M∗HI
)
d
(
MHI
M∗HI
)
(3.6)
where the parameters that are fitted to the mass distribution are θ∗ , M∗HI and α. θ
∗ has units
of h3Mpc−3 and normalises the equation. M∗HI has units of h
−2 M⊙ and determines the position
of the break or knee of the mass function and α which is unit-less and determines the low mass
slope. The parameters for the Schechter equation have become more accurate since the first
time they were estimated by Briggs (1990) but the normalisation of the mass function has not
changed considerably . This is interesting as it implies that the galaxy population is similar to
that seen at optical wavelengths, although weighted toward the gas rich galaxies. This also has
the added implication that there are no large gravitating starless clouds of neutral hydrogen
so-called “dark clouds”.
3.5.1.2 HI Mass Functions for ALFALFA and HIPASS
ALFALFA and HIPASS data sets are two most current and largest blind neutral Hydrogen
surveys, their details are discussed in § 2.2. The HIPASS survey (Meyer et al., 2004) provided
the first opportunity to calculate the with a far larger number of sources, HIPASS detected 4315
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neutral hydrogen rich galaxies, but still small compared to current optical luminosity functions
(Montero-Dorta and Prada, 2009) which use catalogues of hundreds of thousands. Despite this
Zwaan et al. (2003) was able to calculate the HI mass function with 1000 brightest galaxies in
the HIPASS survey, this was followed up with Zwaan et al. (2005) that used the whole HIPASS
sample. Zwaan et al. (2005) found that there was tentative evidence that HI mass function
was steeper in higher density environments with α ≈ −1.2 and in lowest density environments
they found an α ≈ −1.5. The early use of optical galaxy catalogues and a luminosity HI mass
relation caused a bias towards higher density regions and higher α measured. The ALFALFA
survey (Giovanelli et al., 2005), which is still in progress, aims to cover 7000 deg2 of sky with
high galactic latitude and to a depth of cz ∼ 18000 km s−1. Martin et al. (2010) calculated
the HI mass function from the partially competed survey using ∼ 10000 galaxy detections
with a low HI mass limit of 1.6 × 106M⊙. Martin et al. (2010) Schechter function’s fitted
parameters differed significantly from the Zwaan et al. (2005) work but was consistent with
Zwaan et al. (2003) due to larger errors from the smaller sample size. The two mass functions
for HIPASS and ALFALFA are similar but ALFALFA has a larger M∗HI of 9.96 log10(h
2
75M⊙
compared to HIPASS’s M∗HI = 9.80 log10(h
2
75M⊙ and with θ
∗ equal to 4810−4h375 Mpc
−3 and
6010−4h375Mpc
−3 respectively. The ALFALFA mass function has a longer flatter low mass part
of the mass function than the HIPASS mass function and this is due to the different mass
ranges probed by the two surveys. The ALFALFA survey, with its higher angular resolution
and better sensitivity probes smaller masses of HI gas.
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Survey α M∗HI θ
∗ Reference
log10(h
2
75M⊙) (10
−4h375 Mpc
−3)
ALFALFA −1.33 9.96 48 1
HIPASS −1.37 9.80 60 2
HIPASS BCG −1.30 9.79 86 3
AHISS −1.20 9.80 59 4
ADBS −1.53 9.88 50 5
Table 3.4: The fitted Schechter parameters for HI mass functions.All values are calculated with
H0 = 75 except for ALFALFA which has H0 = 70. References – (1) Martin et al. (2010);
(2) Zwaan et al. (2005); (3) Zwaan et al. (2003); (4) Zwaan et al. (1997); (5) Rosenberg and
Schneider (2002)
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3.5.1.3 Selection Functions for ALFALFA and HIPASS
The selection function is the number of galaxies observed at a given distance over the total
number of galaxies that the survey would detect if distance was not a factor.
For a survey with mass limits M1 and M2, the selection function is given by
S(z) =
∫ min(Mmax(z),M2)
max(Mmin(z),M1)
Θ(M)dM
/∫ M2
M1
Θ(M)dM, (3.7)
where z is the redshift and the masses Mmin(z) and Mmax(z) are the minimum and maximum
masses within the catalogue observable at the distance z.
For our work there is no need for the upper mass limit M2, and it is set to M2 = ∞
, but this is not the case for optical surveys (when calculating the luminosity function ) as
over saturation becomes a problem and imposes an upper limit for the luminosity that can be
effectively measured. The functions max(x, y) and min(x, y) return the maximum or minimum
values of x and y respectively.
3.5.2 Errors Due to the Tiling Procedure
The tiling procedure involves replicating a smaller simulation to make up the universe, this
can introduce, into the resulting catalogues, artifacts and biases. The random tiling procedure
described in § 3.3.2 is successful in removing the prominent perspective induced features illus-
trated in Figure 3.2, but due to the random tiling, the periodic boundary’s are not preserved.
This results in a loss of pair near the edges of the box causing a negative bias in the correlation
function.
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Figure 3.8: The Selection Functions for the HIPASS (green) and the ALFALFA (red) surveys.
The ALFALFA selection function exhibits more noise due to its smaller sample size and the
smaller angular foot print. Radio frequency interference causes a drop in the selection function
and the region from 150 h−1Mpc to 160 h−1Mpc is an example of this.
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3.5.2.1 Pairs Lost Due to the Loss of Periodic Boundary’s
Blaizot et al. (2005) examined the problem of loss of periodic boundary’s. When the cubes
are tiled to form a larger volume before catalogue generation, the points on the sides of the
cube lose some of the nearby pairs. The estimate of the negative bias assuming a non evolving
correlation function that can be parametrised as a power law is taken from (Blaizot et al., 2005,
eq. 15) :
δω(θ) =
3rγ0θ
2−γ
Lbox
∫ ∞
0
dχ χ6−γΦ(χ)×
∫ ∞
−∞
(1 + x2)
1
2
−γdx
(χθr−10 ) + (1 + x
2)−
γ
2
, (3.8)
where γ and r0 are power-law parameters that parametise the real space clustering of dark
matter. Lbox is the box length and χ is the the comoving distance. The selection function Φ(χ)
is normalised so that
∫
χ2Φ(χ)dχ = 1.
In Figure 3.9 we plot the correction to the ACF expected to result from the lost pairs at
the boundaries. The plots show that the correction due to this effect is expected to be very
small in these HI-surveys (but in deeper catalogues with hundreds of cube boundaries the effect
can be as large as tens of percent).
3.6 Conclusion
The use of N-body simulations provides a more direct method to examine non-linear clustering
in the Universe. Dark-matter-only simulations allow us to look at the full dynamics of dark
matter halos, which is difficult to infer from surveys, and allow us to follow the evolution of a
single galaxy.
To determine the clustering of dark matter sampled by ALFALFA and HIPASS, we sim-
ulated two boxes: a smaller, higher-resolution box that needed tiling and stacking to obtain
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Figure 3.9: The angular correlation functions in the dark matter catalogues with HIPASS and
ALFALFA distributions, together with the predicted correction from Equation 3.8 due to the
loss of the periodic boundary’s conditions. The blue line are the amplitude of the correction
to the the correlation function (red) due to the loss of the periodic boundary’s conditions.
The correction is much smaller than the correlation function for the shallow surveys that are
presented.
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the volumes covered by current HI-surveys; and a larger, lower-resolution box which encom-
passed the volumes of the surveys. We then constructed an “observed cone” for both boxes
and used these to generate catalogues of dark matter particles with the redshift distribution of
HIPASS/ALFALFA. The angular correlation function was calculated for the data sets allowing
us to compare the effects of our construction of the observed “cones” for the two different
simulation boxes. The trade-offs between the use of smaller less computationally intensive sim-
ulations in place of larger simulations is complex. Tiling the small simulation boxes into a larger
volume simulation using the procedure described in § 3.3.2 removes the most visible affects but
introduces other problems for the correlation function. Some of these errors are investigated
in § 3.5.2. Using the selection functions for each of the surveys, we estimate the number of
lost pairs due to the lost periodic boundary’s conditions of the simulation. This turns out to
be insignificant effect as the number of pairs on the sides of the boxes are small compared to
the volume, if however the catalogue went out to a depth of ≈ 2200 h−1Mpc (≈ z = 1) the
effect would be two orders of magnitude larger and contribute a much larger negative bias to
the calculated correlation function.
A significant bias on the correlation function at large angles results from the finite volume
that has been used. We estimate that the angular correlation function is reliable below the
angle spanned by one tenth of the simulation box size. The Peacock and Dodds (1996) method
of calculating the angular correlation function of dark matter used in § 2.3.4 is accurate within
this limit and is a good approach when one does not want to use significant computational
power.
The dark-matter only simulations presented here have provided a useful testbed for running
more sophisticated hydrosimulations that will be used to prepare for MeerKAT and to help
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interpret HI-data. These simulations will be presented in Cunnama et al., (in preparation).
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Chapter 4
Probing the bias of radio sources at
high redshift
4.1 Introduction
Radio continuum surveys typically probe redshifts out to z ∼ 5 and often cover a significant
fraction of the sky. The large volumes accessible in these surveys provide an interesting probe
of large-scale structure and thus can be utilised to test cosmology. One of the most common
approaches to investigate the large-scale distribution of cosmological objects is the two-point
angular correlation function (ACF) which quantifies the clustering in the plane of the sky. To
gain information on the three dimensional distribution and the evolution with time the redshift
distribution of the sample needs to be known. However, in general redshifts can not be obtained
from radio continuum surveys since these only measure the flux for a handful of frequencies.
One way to gain redshift information the radio sources is to match them to optical counterparts
for which the redshifts are know.
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First attempts to detect clustering in radio surveys were carried out in the 1970s, but it
was only in 1996 (Cress et al., 1996) that the first high-significance detection of the clustering
was made using the Faint Images of the Radio Sky at Twenty centimetres (FIRST) survey
(Becker et al.). They found that on angular scales that probe large-scale structure, the angular
correlation function of galaxies detected down to 1 mJy at 1.4 GHz is well-represented by a
power-law, with a slope somewhat steeper than that found for typical optical surveys. A number
of other studies by e.g Overzier et al. (2003) and Blake and Wall (2002) also measured clustering
of radio sources using the ACF in the FIRST survey, in the NRAO VLA Sky Survey (NVSS)
(Condon et al., 1998) and in the Westerbork Northern Sky Survey (WENSS) (Rengelink et al.,
1997). Whilst there was some disagreement about the slope of the correlation function on larger
angular scales, later work by Blake et al. (2004) higlighted problems with their earlier results
(associated with over-cleaning of potential side-lobe sources) and obtained results from all the
surveys consistent with Cress et al. (1996).
Basically all these studies are confined to the investigation of the projected clustering signal
since many of the sources are too faint in the optical/IR to do spectroscopy. However, some
information on real-space clustering can be inferred but this relies on estimates of the average
redshift distributions of the sources.
During the 1990s, Dunlop and Peacock (1990) developed models to infer the redshift dis-
tribution of faint radio sources extrapolating from data at much higher flux densities. Since
then, a number of observations have improved our knowledge in this area. Waddington et al.
(2001) estimated redshifts of a complete sample of 72 radio galaxies down to 1 mJy in about one
square degree (65% with spectroscopic redshifts). In the Combined EIS-NVSS Survey Of Radio
Sources (CENSORS) (Best et al., 2003; Brookes et al., 2006, 2008), redshifts were estimated
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for 150 sources, in a 6 square degree region, with flux densities above 7.2 mJy in NVSS (63%
of them secure spectroscopic redshifts). Magliocchetti et al. (2004) studied the optical matches
of FIRST sources in the 2dF survey (Colless et al.) and Mauch and Sadler (2007) studied
NVSS matches with K < 12.75 mag in the 6dF survey Wakamatsu et al.. These studies all
confirmed the picture that mJy-radio surveys contain a heterogenous population of galaxies
that is dominated by AGN at higher flux densities and includes significant fractions of fainter
star-forming galaxies at lower redshifts. They also appreared to rule out a large ‘spike’ of very
low-z objects predicted by some of the Dunlop and Peacock models.
Understanding the nature of the sources in the radio surveys contributes to our knowledge of
the bias of the sources i.e. the clustering strength of the sources relative to clustering strength of
the underlying dark matter. Knowing the bias is essential for using clustering as a cosmological
probe as it enters into measurements of autocorrelations, the ISW effect and the lensing effect.
However, little is known about the bias of radio sources. Cress and Kamionkowski (1998)
presented estimates of the bias based on the FIRST sources. Since then different, sometimes
contradictory prescriptions for the bias of radio sources have been used (compare Raccanelli
et al., 2008; Raccanelli, 2011). Wilman et al. (2010) utilised a semi-empirical approach with a
bias prescription based on the work of Mo and White (1996) to predict the clustering of radio
sources in future radio surveys. However, they need to artificially stop bias increasing with
redshift when they deem the bias value “non-physical”. These examples highlight the fact that
there is a substantial lack of information on bias of radio sources.
Future radio surveys carried out by the Square Kilometre Array (SKA) will potentially reach
1 nJy, providing catalogs of sources over 3π of the sky. SKA Pathfinders such as the LOw Fre-
quency ARray (LOFAR), the Australian Square Kilometre Array Pathfinder (ASKAP), the
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South African Karoo Array Telescope (MeerKAT), and the Westerbork Synthesis Radio Tele-
scope (WSRT) using the Aperture Tile and Focus (APERTIF) instrument and the expanded
Very Large Array (eVLA) will soon provide surveys with unprecedented depth and/or sensi-
tivity. The resulting radio auto-correlations and cross-correlations with other data such as the
CMB, provide valuable tests for cosmology. They can shed light on the question of non-gaussian
initial conditions in the universe (Xia et al., 2010) and on issues concerning dark energy via
the Integrated-Sachs Wolf (ISW) effect (e.g. Nolta et al., 2004; Raccanelli et al., 2008). They
may provide strong tests of modified gravity (e.g. Raccanelli, 2011). and can be used as di-
rect probe of dark matter through gravitational lensing effects (e.g. Carilli and Rawlings, 2004;
Kamionkowski et al., 1998; Raccanelli, 2011). It is essential for these studies to have a good
understanding of the underlying bias.
Therefore, in this chapter we attempt to make a direct measurement of the bias of FIRST
radio sources at intermediate redshifts. We match FIRST sources to galaxies in the Sloan
Digital Sky Survey Data Release 7 (SDSS-DR7) (e.g. Abazajian et al., 2009) and determine the
redshift distribution of the matched sources. We then create a catalog of unmatched sources
to probe the higher-z population.
The outline of the chapter is as follows. In § 4.2 we discuss the data and our methodology;
in the next section we show our results and in § 4.3 we discuss the results and present an
estimate of the bias of radio sources at high redshift.
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4.2 Data and methodology
Our approach to isolating a high-z sample of FIRST sources and estimating its redshift distri-
bution involves:
* Matching FIRST sources to SDSS sources and establishing the redshift distribution of the
matches using photometric redshifts.
* Using the S3 simulations (Wilman et al., 2010) to estimate an average redshift distribution
for all FIRST sources.
* Estimating the redshift distribution of unmatched sources by subtracting the matched
distribution from the distribution of all sources. These unmatched sources are mostly at higher
redshifts
The angular clustering of the high-z sample can then be measured and compared with what
is expected for dark matter which samples the same redshift range, to obtain an estimate of
bias.
4.2.1 Creating the catalogues
4.2.1.1 The FIRST survey selection
The FIRST survey mapped a region of the sky covering 10,000 deg2 in the Northern Galactic
Cap at 1.4 GHz down to 1.4 mJy. The final catalogue contained a total of 816,331 sources.
Creating our sample of FIRST sources to be matched to SDSS required various steps to
minimise potential sources of contamination. In the first step, we removed objects with a high
probability of being a side-lobe. The FIRST survey has assigned to each source a probability
of being a side-lobe ranging from 0 (indicating an object is not a side-lobe) to 1.0 (indicating
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an object is a side-lobe). To reduce this source of contamination, we explored various side-lobe
probability values on our initial clustering analysis. This is discussed in more detail in § 4.3.
However, we note that for our final selection we found a side-lobe probability value of 0.7 to
be satisfactory. For a side-lobe probability of 0.7 we were left with 795,453 sources from the
parent set of 816,331.
The next step required the collapsing of multiple components (e.g. double lobes) to a single
source. Following Cress et al. (1996) we chose a collapsing radius of 72 arc seconds, where the
effect of substructure could be seen in the ACF as a deviation from the power law distribution
that characterised the rest of the ACF in the FIRST sources.
We found that the average collapsed group had 2 to 3 components and a few groups that
had up to 20 components.
To compute the flux for each collapsed source, the integrated flux of each component was
added together. The flux-weighted average positions were then calculated and used to match
with the SDSS. This collapsing radius reduced the sample to 647,985 sources (see Table 4.2 for
details). We collapsed the sources before the flux cut, in doing so we, in some cases, combine
several sources with fluxes less than the flux limit we use on the sample. This is done to obtain
a more complete sample of galaxies at the flux limit chosen as the lobes will be combined for
each galaxy. The centres of the sources are determined by working out the flux weighted centre
for the collection sources.
In the final step we selected sources within a region that avoided both gaps in data and the
edges of the SDSS and FIRST surveys. This region is defined by, 130 ≤ RA ≤ 240, 5 ≤ Dec ≤
55, covering a total area of 4613.43 deg2. Our final catalogue of FIRST sources to be matched
with SDSS contained a total of 307,859 objects. The flux cut of 2mJy was chosen to maximise
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Table 4.1: Showing the number of sources that remain in the FIRST data for various side-lobe
probability values. For the final catalogue, a value of P = 0.7 was chosen.
Side-lobe Prob Number
(P)
Total FIRST 816331
P ≤ 0.9 816331
P ≤ 0.8 806720
P ≤ 0.7 795453
P ≤ 0.6 785293
P ≤ 0.5 772785
P ≤ 0.4 758810
P ≤ 0.3 741687
P ≤ 0.2 711311
P ≤ 0.1 668852
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Table 4.2: Detailing source collapsing and area selection.
Collapsing Numbers
Total FIRST 816,331
No. of sources after side-lobe removal 795,453
Collapsing sources in groups < 72” 253,971
collapsed sources 106,503
single sources 541,482
No. of sources after collapsing 647,985
No. of sources in selected area
(130 ≤ RA ≤ 240, 5 ≤ Dec ≤ 55) 307,859
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the number of FIRST sources used but also to be complete and 7mJy was chosen so that the
redshift distribution could be compared to that obtained in the CENSORS survey.
4.2.1.2 Matching to the SDSS galaxies
To match our FIRST sample to their optical counterpart we used the SDSS-DR7 [see Abazajian
et al. (2009) for a description of the seventh data release; Gunn (1998) for a detailed description
of the camera; Fukugita et al. (1996), Hogg et al. (2001) and Smith (2002) for details of
the photometric system and calibration; Lupton (2001) for a discussion of the photometric
data reduction pipeline; York (2000) for a technical summary of the SDSS project; Pier et al.
(2003) for the astrometric calibrations; Blanton et al. (2003) for details of the tilling algorithm;
Strauss (2002) and Eisenstein (2001) for details of the target selection]. In broad terms, the
SDSS has mapped a quarter of the entire sky with unprecedented accuracy using multi-band
photometry (u∗, g∗, r∗, i∗ and z∗) from the 2.5-meter telescope on Apache Point and has a
limiting magnitude of r∗ < 22.2. The second phase of the project is now complete having
spectroscopically confirmed approximately one million galaxies, and is ideally suited to our
studies as it is fully contained within the FIRST survey area.
To avoid contamination in matching due to the number density of SDSS-DR7 photometric
sources is many orders of magnitudes greater than the density of 2 mJy FIRST sources, we
matched the FIRST sample to the SDSS-DR7 photometric catalogue with the a 2 arcsecond
radius and enforcing that the matched SDSS object must be classified by the SDSS pipeline
as a galaxy and the photometry is reliable. The SDSS clasification is not likely to remove
quasars along with stars and comparison of the SDSS stars with know quasar catalogues show
minimal correlation. Since the average size of SDSS galaxies is between 2 and 5 arc seconds,
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this produces a reliable matching. To obtain a redshift estimate for our galaxies, there are two
publicly available photometric redshift catalogues. For this analysis we use the photometric
redshifts from (Oyaizu et al., 2008), estimated using galaxy magnitudes and a Neural Network
method and enforce a minimum redshift of 0.01.
Within the matching radius chosen we obtained a total of 69447 matches. For the clustering
analysis we have created several sub-samples which have flux cuts at 7 mJy and 2 mJy, and
additional redshift cuts corresponding to 0.01 ≤ z < 0.31, 0.31 ≤ z < 0.56 and z > 0.56 (see
Table 4.3 for a summary). We note that 2 mJy is more than 10 times the RMS fluctuations in
this region and the number of sources detected is not effected by the fluctuations in sensitivity
noted in Blake et al. (2004).
Thus, for our central analysis we use four samples; 15,842 FIRST matched galaxies, 77,360
FIRST unmatched galaxies with fluxes greater than 7 mJy, and similarly 45,883 matched
(173,177 unmatched) galaxies with fluxes greater than 2 mJy.
4.2.2 Redshift distribution comparison
We now compare our matched redshift distributions to that of the S3-SEX simulation byWilman
et al. (2008). The S3-SEX simulates extragalactic radio continuum sources in a sky area of
20× 20 deg2, out to a cosmological redshift of z = 20 . The simulated sources were drawn from
observed (or extrapolated) luminosity functions and grafted onto an underlying dark matter
density field with biases which reflect their measured large-scale clustering. For each source,
the database gives the radio fluxes at observer frequencies of 151 MHz, 610 MHz, 1.4 GHz,
4.86 GHz and 18 GHz, down to flux density limits of 10 nJy. They used the observations
described to constrain their models which include FRII galaxies, FRI galaxies, radio-quiet
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Table 4.3: Details of matched data with a 7 mJy and 2 mJy flux cut.
Sample 7 mJy cut 2 mJy cut
Total in final FIRST sample:
307,859
After initial flux cut 93,202 219,060
SDSS Matched 15,842 45,883
SDSS unmatched 77,360 173,177
Redshift cuts of matched:
0.00 ≤ z < 0.31 4334 14,488
0.31 ≤ z < 0.56 5491 15,533
z > 0.56 6017 15,862
70
 
 
 
 
Figure 4.1: The photometric redshift distributions of the 2 mJy (blue) & 7 mJy (red) flux cuts of the
FIRST sources that have been matched to the SDSS photometric survey (solid lines). The S3 redshift
distributions for the same cuts are shown as dashed lines. The distributions correspond a sky coverage
of 4613.43 deg2 and the S3 sample has been scaled accordingly to reflect this.
quasars, starburst galaxies and star forming galaxies. They include a prescription for clustering
that captures the clustering pattern on large scales (larger than those where non-linear evolution
of density fluctuations becomes important). The simulations can be used to predict the redshift
distribution of sources as a function of the flux cutoff of surveys.
Figure 4.1 shows the redshift distributions for our matched samples (solid lines) at the 7 mJy
(red) and 2 mJy cuts (blue), compared to the S3 simulation (dotted line) for the same flux cuts.
In general we find agreement between the observed matched and simulated redshift distributions
up to z 0.5. However, we do note that the prominent low redshift spike observed in the S3 data
at z 0.04 does not appear in our matched sample. It should also be noted that we are likely
to miss some of the optical identifications of fairly nearby multi-component radio sources as
the collapsed source position may not given the position of the optical counterpart accurately
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enough. This is not a major problem for our method though because these unmatched sources
will be included in our unmatched redshift distribution and thus taken into account.
4.2.3 Clustering analysis
There are three different estimators that are used in the determination of two-point correlation
function as originally developed by Davis and Huchra (1982b), Hamilton (1993b) and Landy
and Szalay (1993). For this work, we apply the Landy and Szalay (1993) estimator, as it reduces
errors caused by edges of catalogues and sub-samples during error calculation. This estimator
can be written in the form:
ω(θ) =
DD(θ)− 2DR(θ) +RR(θ)
RR(θ)
, (4.1)
where DD(θ) counts the number of pairs in the observed data as a function of angular scale.
Similarly, RR(θ) counts the number pairs for the random catalogue and DR(θ) is the number
of pairs counted between the data and random catalogue.
For our analysis we populated our random catalogue with 50 times the number of sources
contained in the data for the matched and unmatched samples, and 100 times the data from
the three redshift slices as detailed in Table 4.3. The errors for ω were calculated using jack-
knife re-sampling (Lupton, 1993). In this approach the data are split up into N = 24 Right
Ascension bins and the correlation function is recalculated repeatedly each time leaving out a
different bin. A set of N values {ωi, i = 1, ..., N} for the correlation function are obtained and
the jack-knife error of the mean, σωmean , is calculated by
σωmean =
√√√√(N − 1) N∑
i=1
(ωi − ω)2/N . (4.2)
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Figure 4.2: The dark matter two-point angular correlation function, determined from the non linear
dark matter power spectrum is plotted above. The top plot is for matched sources and shows the
contribution to the ACF at a given angle as a function of redshift. The middle panel shows the
same thing for the unmatched redshift distribution. The lower panel shows the average redshift, z˜(θ),
which is probed at a given angle for different samples. Looking at these graphs you can determine the
contribution of the clustering at various redshifts to the ACF (at the three angles plotted in the two
upper graphs).
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The Section of the sky has been divided into 24 RA bins, which should be independent due
to the physical separation at the redshift probed.
4.2.4 Clustering predictions from CDM
To determine the bias of the radio population we compare their ACF with the corresponding
dark matter correlation function. Let q(z) be the normalised redshift distribution of a popu-
lation of radio galaxies, the dark matter ACF can then be predicted from the non linear dark
matter power spectrum (PDM) via Limber’s equation. For spatially flat cosmologies one derives
the following expression.
ωDM(θ) =
∫
dr q2(r)
∫
dk
2π
k PDM(k, z) J0[r(z)θk] (4.3)
where J0(x) is the zeroth-order Bessel function of the first kind and r(z) is the radial comoving
distance. Here we adopt the fitting function for the non-linear CDM power spectrum by Peacock
and Dodds (1996) using cosmological parameters given in Komatsu et al. (2009b). Thus, the
bias parameter, b, is given by
b =
√
ω
ωDM
. (4.4)
The derivative dωDM/dz|θ at a given redshift z gives the contribution of a redsift slice to
the overall ACF at the angle θ (see upper panel of Figure 4.2). In addition one can determine
an average redshift, z˜(θ), which is probed at an angle θ for a given q(z) by,
z˜(θ) =
∫
z dωDM/dz|θ dz∫
d ωDM/dz|θ dz . (4.5)
The lower panel of Figure 4.2 shows the mean redshifts probed, z˜ as a function of θ. The
colours indicate the underlying redshift distributions.
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Figure 4.3: The two-point angular correlation function for the 2 mJy (upper panel) and 7 mJy (lower
panel) matched and unmatched samples. In both panels the matched samples are indicated by blue
points and the unmatched sample by the red points. The corresponding dark matter (DM) predictions
are shown respectively by the dashed and solid lines.
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4.3 Results
4.3.1 The angular two-point correlation function
To avoid problems associated with the over-cleaning of sidelobes, which effects the correlation
function at θ ∼ 0.2◦, and any potential problems associated with collapsing multi-component
sources, we only examine clustering in the range 0.4◦ < θ ≤ 4.0◦ degrees. Figure 4.3 shows the
results of the ACF for the 2 mJy (left) and 7 mJy (right) matched (red circles) and unmatched
(blue squares) samples. In each panel the dark matter (DM) predictions are shown as dashed
and solid lines, respectively. Recalling Equation 4.4, the bias is computed from the ratio
between the data and predicted dark matter correlation functions and is shown as a function
of angle in Figure 4.5 for the two samples.
For the 2mJy cut, we see that the matched sample is more clustered in angular projection
than th e unmatched sample. This is expected if the the matched sample is at lower redshift,
as a given angle corresponds to smaller physical scales where there is more clustering; we also
expect clustering to increase over time. The ACF for the full sample found in other studies
would lie between the matched and unmatched curves. The amount of clustering measured in
both the matched and unmatched samples at angles greater than 1◦ is difficult to explain when
one considers the results in Figure 4.2. On these scales, one would expect to probe z ∼ 0.1
where the sample contains many fainter starforming galaxies with a bias similar to normal
galaxies, that is, fairly close to b ∼ 1. Instead, we see a bias b > 4 for the unmatched and
values b > 2 for the matched sample.
In an attempt to isolate the AGN in the sample and exclude most of the low-z starforming
galaxies, we consider a sample containing only sources with flux density greater than 7mJy.
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Results are shown in the right panel of Figure 4.3. The matched sample appears slightly more
clustered than the 2mJy sample but differences are within the noise. In the unmatched sample,
the bias is high at large angles. The low measurements on the small-angle side may indicate
that the sidelobe over-cleaning problem is more pronounced for brighter sources.
To help interpret the matched ACF, we split the matched sample into three redshift slices,
keeping the number of sources in each slice approximately constant. In Figure 4.4, we plot the
ACF for each of the redshift slices and in Fig. 4.5 we plot the bias calculated as a function
of angle for each slice. One sees that the bias for the lowest redshift slice is fairly close to
b ∼ 1, as one would expect for a population dominated by fairly ordinary starforming galaxies.
Sources in the higher redshift bins are much more biased, as one would expect for a population
dominated by AGN that trace large halo masses in the universe. The important thing to note
is that in Figure 4.2, our calculation of the average redshift probed for the matched sample at
larger angles is about z ∼ 0.12 but we see a large bias for the matched sample, left panel in
Figure 4.5, at these angles and this must be attributed to the more highly biased population
at z > 0.31.
We have considered various explanations for the excess power at large angles in the unmatched
sample. Following the discussion for the matched sample, we could reason that, a highly biased
population at high redshift could contribute significantly to the measurement at θ > 1◦, even
though Figure 4.2 indicates that the average redshift probed on large angles is small. Bias of
b > 4, however, is not seen even for fairly massive clusters and additional contributors should
considered: (1) One could envisage systematics in the survey but we note that similar ’excess
power’ is observed in the Sydney University Molonglo Sky Survey (SUMSS,Bock et al. (1999))
radio survey which is carried using a very different kind of telescope. (2) Another possibility
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is that there is a low-redshift spike in the source counts, not included in the redshift distribu-
tion used for the dark matter predictions. This would push up the clustering amplitude on all
angular scales, but particularly on the larger scales. However, the similar behaviour of the 2
and 7mJy indicate that the excess power is not due to faint, low-z starforming galaxies. Also
the results of Magliocchetti et al. 2004 and Mauch and Sadler 2007 appear to rule out this ex-
planation. The redshift distribution we use (from S-cubed) is designed to fit their observations
and, for low-redshift sources to have been missed in their studies, they would need to have
K > 12.75 and bJ > 19.45, making a low-z obscured population an unlikely explanation for
much of the excess power in the unmatched sample.Mauch and Sadler (2007) would have seen
the these sources if they were less than K > 12.75 and the bJ > 19.45 is for the detection in
the SDSS. (3) Our matching technique is likely to result in some low-z multicomponent radio
sources being missed in our ’matched’ sample and one would expect these sources to be more
biased than ’ordinary’ galaxies. This could boost the amplitude of clustering on large scales.
(4) Finally, there is the possibility that non-gaussian initial conditions could generate more
clustering on large scales than in the standard model (as suggested in Xia et al. 2010) but
a better understanding of bias and the populations probed in radio surveys could potentially
prevent the introduction of this idea.
Given that our main aim in this work is to constrain the bias at high redshifts, we choose an
angle of 0.7◦ to determine the clustering behaviour of the high redshift radio sources. According
to Figure 4.2 this choice allows us to probe bias at z ∼ 0.7 and above. This provides useful
constraints on bias evolution of radio galaxies which could be used to improve the modelling of
radio galaxies surveys such as those in Wilman et al. (2010).
We carried out a number of tests to check the robustness of our results. In the first test,
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Figure 4.4: Evolution of bias. The 2 mJy matched sample split into three redshift slices maintaining
approximately the same number of objects in each slice. The three slices correspond to: 0.01 ≤ z <
0.31, (shown as red diamonds) 0.31 ≤ z < 0.56 (green squares) and z > 0.56 (blue crosses). For each
slice we have plotted the corresponding dark matter (DM) prediction.
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Figure 4.5: The top panel shows the bias calculated for the 2 mJy flux cut of the matched (red) and
the unmatched (blue) samples. The lower panel shows the evolution of bias for three redshift slices
of the matched data: 0.01 ≤ z < 0.31 (green diamonds), 0.31 ≤ z < 0.56 (red squares) and z > 0.56
(blue crosses). The redshift ranges were determined by keeping the number of objects approximately
constant in each slice.
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Table 4.4: Bias results measured at an angle of 0.66◦ for the matched, unmatched and the three
redshift bins.
Samples Bias (b)
Matched 2.0 ±0.16
Unmatched 3.0 ±0.25
0.01 ≤ z < 0.31 1.4 ±0.16
0.31 ≤ z < 0.56 1.5 ±0.50
z > 0.56 2.2 ±0.35
we changed the matching radius to 1arcsecond to decrease the number of false identifications.
This did not impact that ACF or the average redshift distribution of the unmatched sample,
indicating that the bias measurement at z ∼ 0.7 is not sensitive to the choice of matching
radius. In the second test, we used the matched sample of Best et al. (2003) rather than our
own matching. This sample was carefully constructed using both NVSS and FIRST and used
visual identification rather than an automated “collapse and match” approach. Results were
consistent with our matched sample, given their sample probes a somewhat different redshift
range. In the third test, we considered the impact of our choice of sidelobe probability cut.
We calculated the ACF for all the different side-lobe probability samples listed in Table 4.1
and found that all samples behaved similarly at large angles. In the fourth test we tried
different photometric redshift catalogues and found the results were robust to different choices
of catalogues.
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4.4 Conclusion
We have introduced a method for measuring the bias of radio sources at high redshifts where
optical identifications are not available. We have found that the surprisingly large clustering
signal at large angular scales present in the full FIRST and NVSS samples is also detected in
the unmatched sample considered here and to some extent, in the matched samples at high
redshift. We explore a number of explanations but the results indicate that sources at higher
redshifts are very highly biased. We estimate the bias of FIRST sources with flux densities
over 2 mJy to be about b ∼ 3 at z ∼ 0.7 but analysis of cross-correlations with other data will
be helpful in interpreting the measurements better. These results can help constrain models of
radio source evolution and are important for using radio surveys for cosmology.
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Chapter 5
Summary
In § 2 the clustering of HI-selected galaxies was investigated using survey data from HIPASS and
ALFALFA. Two different methods for determining the real-space correlation function yielded
consistent results and the clustering in HIPASS was consistent with that found by Meyer et al.
(2004). The real-space clustering measured in ALFALFA appears to be lower than that in
HIPASS, which is interpreted as the effect of ALFALFA’s lower HI-mass galaxies being less
clustered. The predicted dark matter correlation function for a ΛCDM model was calculated
for the redshift distributions of HIPASS and ALFALFA. The bias of the ALFALFA sources had
an average value of 0.52 over the range 1− 10◦. This significant anti-bias of neutral hydrogen
relative to the dark matter density field is important for planning experiments with the SKA
and its pathfinders and could be used to constrain galaxy evolution models.
In § 3 we described initial work on N-body simulations required for the planning of MeerKAT
projects such as LADUMA and for the interpretation of radio data more generally. We focused
on dark-matter-only simulations, investigating particularly how simulation boxes can be stacked
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and tiled to simulate larger volumes. The simulations were used to calculate the clustering of
dark matter in the nonlinear regime, providing an alternative appoach to the one used in § 2.3.4.
We showed that results from a small box which had been stacked to simulate a large volume were
somewhat different to those from a large box which covered the whole volume of eg HIPASS.
We calculated expected errors on the correlation function due to the loss of pairs at boundaries
in the stacked simulation (using the selection function) and noted that this was probably not
an important effect for a shallow survey like HIPASS. It was clear that simulation volumes
have to be much larger than observational volumes to obtain accurate clustering estimates
on larger angular scales (to overcome cosmic variance). On smaller angular scales, the dark
matter clustering measured in the simulation agreed fairly well with the analytical predictions.
This work on N-body simulations provided an important step towards running the full-blown
hydrosimulations discussed in Cunnama et al., (in preparation).
In § 4 the clustering and bias of radio sources detected in the FIRST radio survey was
investigated. The FIRST radio sources were matched to galaxies in the SDSS survey, providing a
matched sample and an unmatched sample. A theoretical prediction of the redshift distribution
for the full sample was obtained from the S3 simulation of extragalactic radio continuum sources.
The redshift-distribution of the matched sample was estimated from photometric redshifts.
The redshift distribution of the unmatched sources was calculated by subtracting the redshift
distribution of the matched sources from the theoretical prediction, as seen in Figure 4.1. The
angular correlation functions were than calculated for these samples and the theoretical dark
matter correlation function was calculated in § 4.2.2. The results of this are detailed in § 4.3.
We confirmed that the large clustering signal detected for the full sample at large angles also
appears in the unmatched sample and we consider various explanations for this. We present
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estimates for the bias of radio sources at z ∼ 0.7 and for various subsamples of the matched
sample. The results suggest a very high bias at higher redshifts. These results can be used
to help constrain the modelling of sources detected in radio continuum surveys and for the
planning of cosmological experiments using radio continuum surveys.
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Galaxies and the Karoo Array Telescope
The Karoo Array Telescope (KAT) was the South African SKA pilot project that was initially
put forward before more funding became available for the MeerKAT. It would have consisted
of 20-30 dishes with 12-15m diameters laid out in a 4km area in the Karoo. It was later realised
as a 7 12m dish array (KAT-7) as a prototype for the 64 13m dish array on the same site
called the MeerKAT. Here, we investigated science questions that could have been tackled by
KAT, focusing on those in the field of galaxy formation and cosmology. The KAT would have
surveyed large volumes of space for neutral hydrogen (HI) using emission and absorption of 21cm
photons. We calculated the number of galaxies observable in HI for given survey parameters
and discussed the possibility of testing galaxy formation theories using observations of HI in
halos of galaxies, as well as the possibility of detecting the Integrated-Sachs-Wolf effect. We also
investigated the imaging properties of proposed configurations. This is early work, which along
with the rest of the work in this thesis, formed part of a larger effort to grow our expertise in
radio astronomy and related science. We plan to apply the imaging techniques we used here to
’fake skies’ which will be generated from the hydrosimulations discussed in Chapter 3, obviously
using an updated MeerKAT configuration. This work is thus a necessary addition for achieving
some of the future goals outlined in Chapter 3.
Introduction
21cm radiation is caused by the “spin-flip” transition between the two levels in the 1s state
of a neutral hydrogen atom. The interaction between the spin of the proton and that of the
electron, cause hyperfine splitting of the 1s energy level, the higher energy associated with
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aligned spins, the lower energy associated with anti-aligned spins. When an electron’s spin flips
from an aligned to anti-aligned state, a 21cm photon is emitted. Radio telescopes can thus
be used to map the neutral hydrogen in our galaxy and in galaxies beyond our own, even in
regions where dust would obscure optical light.
Estimating redshift distributions and source counts
The mass of hydrogen at redshift z associated with an observation of flux density Sν is given
by,
MHI(z)
M⊙
=
0.235
1 + z
Sν
µJy
D2L(z)
Mpc2
V
km/s
, (1)
where DL is the luminosity distance and V is the line-of-sight velocity width (Abdalla and
Rawlings, 2005). The limiting sensitivity of a radio telescope is given by
Slim =
2kTsys
Aeff
√
2∆νt
, (2)
where t is the integration time on a telescope with an effective collecting area Aeff , system
temperature of Tsys , Aeff/Tsys = 220 m
2/K and ∆ν is the bandwidth. Bandwidth is related
velocity width by ∆ν = V νrest/c
To calculate the expected redshift distribution of sources observable with the KAT we use
the local mass function observed by Zwaan et al. (2003) :
dn
d (MHI/M∗HI)
= θ∗
(
MHI
M∗HI
)α
exp
(
−MHI
M∗HI
)
. (3)
Where α = −1.3, M∗HI = 109.48M⊙ and θ∗ = 0.025Mpc−3 . We assume no evolution in this
function with redshift since the low frequency limit of the KAT, 1.2GHz, corresponds to 21cm
at z ∼ 0.18.
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The redshift distribution of HI sources can then be found using
dN
dz
=
∫ ∞
MHI(z)
dn
dlog10MHI
dV
dz
dlog10MHI . (4)
Where MHI(z) is the limiting mass calculated to give a flux that is five times the noise limit
and we assume a velocity width of 30 km s−1.
In the table below, for various integration times, we give the number of sources detectable
per square degree and the total number of sources observable in one year, assuming a field of
view of five square degrees. A Phase II KAT could have a field of view as large as 40 square
degrees.
Pointing Time Number of sources (deg−2) Total number of sources
2.2 Hours 3.5 70000
5 Hours 6.5 57000
1 Day 21 38000
15 Days 160 20000
1 Year 1900 9500
While HI has been studied extensively in disks of galaxies it is only recently that it has been
found and studied in the halos of galaxies (Fraternali and Binney, 2006). One of the biggest
questions in the theory of galaxy formation and evolution, is that of “feedback”: how star
formation blows gas from disks and is recycled. There has also been debate about whether
gas that falls into a galaxy halo is shock-heated to the virial temperature of the halo or not.
Studying the neutral hydrogen in the halos of galaxies can help to resolve these questions. In
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Figure 1: The Redshift Distribution of galaxies detectable by KAT for various integration times.
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Pointing Time Number of sources (deg−2) Total number of sources
2.2 Hours 0.18 3700
5 Hours 0.38 3300
1 Day 0.99 1800
15 Days 1.7 200
1 Year 2.8 14
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ng
itu
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Latitude
the table below we give the number of galaxies in which the halo gas could be resolved.
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Figure 2: We compare 4 potential configurations for the KAT. In the first column, the longitude
and latitude of the dishes are plotted. The first two configurations have twenty dishes with
15m diameters, the second two have 30 dishes with 12m diameters. The longest baselines are
approximately 2km. In the second column, the UV coverage is plotted. Signals measured at
the plotted positions are Fourier transformed to produce an image in an interferometer like the
KAT. The third column shows how an M31-like galaxy at redshift 0.01, would be imaged by
the given KAT configuration. The configurations have been chosen to optimise the circularity
of the UV coverage and the filling of the UV plane but it is clear from the UV coverage that
further improvements could be made to enhance imaging capabilities.
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Figure 3: The predicted power spectrum for the ISW effect when the KAT HI survey is cross
correlated with anisotropies in the Cosmic Microwave Background for a diffent types of dark
energy.fskyisthefractionoftheskythatissurveyedover
Other KAT Science
It has been suggested that one could detect the Integrated Sachs-Wolfe (ISW) effect by cross-
correlating a KAT HI survey with temperature anisotropies in the Cosmic Microwave Back-
ground (measured, for example, by the WMAP experiment). We have calculated the expected
cross-correlation power spectrum given a 4-hour integration time with KAT. In the figure, this
is plotted for models where the equation of state of dark energy, w = p/ρ, takes on values -0.4,
92
 
 
 
 
-0.8 and -1. We found that the signal-to-noise is too low for an ISW detection, even with the
most optimistic survey parameters.
Other galaxy science that the KAT could tackle include:
• Magnetic fields in galaxies
• OH mega-masers
• Intergalactic shocks from structure formation
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